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ABSTRACT 
The Antrim Plateau Volcanics of the Kalkarindji large Igneous Province are characterised by 
low-Ti tholeiites with relatively high SiO2 at a given MgO compared to N-MORB and a 
continental trace element signature. Within the Antrim Plateau Volcanics the lavas can be 
subdivided into two groups based on the Cr concentrations, one with high-Cr (>100 ppm) 
concentrations at relatively high SiO2 and the second with low-Cr (<50 ppm). The high-Cr 
lavas are key to understanding the origin of basalts in continental flood basalts with 
continental trace element signatures. Here the thermodynamic modelling software MELTS is 
used to model the major element evolution and resultant crystallising phases during the 
fractional crystallisation and crustal contamination to generate both the high-Cr and low-Cr 
Kalkarindji basalts. The Raleigh equation and the crystallising phases derived from MELTS 
(Ghiorso and Sack, 1995) modelling are used to model the trace element evolution of 
fractional crystallisation and crustal contamination. This modelling indicates that the Antrim 
Plateau Volcanics of the Kalkarindji Large Igneous Province formed through the intrusion of 
a low-Ti, low incompatible element bearing picrite that does not have a continental trace 
element signature, into an upper crustal magma chamber. The melt then underwent ~30% 
contamination from low Nb/Th upper crustal material prior to fractional crystallisation. The 
sub-continental lithospheric mantle (SCLM) has been ruled out as a potential source for the 
Kalkarindji basalts as there is no evidence for the large-scale metasomatism required to 
create the large volumes of magma observed in the Kalkarindji LIP. 
Lava flows with the chemistry of the high-Cr and low-Cr groups interleave in the 
stratigraphic hole, BMR Waterloo 1. Though these two different basalts are likely to be 
linked through a common magma system since they have similar trace element signatures, 
they cannot have formed in a single magma chamber. The recharge and fractionation 
required to derive both the low-Cr and high-Cr lavas in a single magma chamber is not 
consistent with major and trace element modelling. Due to the high-Cr concentrations in the 
early Antrim Plateau Volcanics there is likely to be chromite deposits linked with the 
Kalkarindji LIP to be found in the associated magma chambers. 
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1. INTRODUCTION 
1.1 Large Igneous Provinces 
Large Igneous Provinces (LIPs) have become an important area of research and our 
understanding has grown substantially over the last two decades (e.g. Coffin and Eldholm, 
1992, Ernst et al., 2005, Bryan and Ernst, 2008, Bryan and Ferrari, 2013). LIPs have been 
linked to mass extinctions (e.g. Wignall, 2001), continental break-up (Courtillot et al., 1999), 
mantle dynamics (specifically mantle plumes) (Campbell and Griffiths, 1990) and large 
economic deposits (e.g. Arndt et al., 2003). First formally defined by Coffin and Eldholm 
(1992) and revised by Bryan and Ernst (2008), LIPs form when vast quantities (volume of 
>100 000km3, areal extent of > 100 000km2) of magmatic material are emplaced into and 
onto the crust. This occurs in a relatively short space of time (<50Ma) with the majority of 
the igneous material (>75%) being erupted in short pulses (1-5 Ma) (Bryan and Ernst, 2008). 
LIPs have occurred relatively consistently throughout the Earth’s history (Ernst and Buchan, 
2002) and have been estimated to occur once every 10 Myr in the last 250 Ma, with some 
significant gaps, taking into account oceanic flood basalts that may have been subducted 
(Coffin and Eldholm, 2001, Prokoph et al., 2004). 
Continental flood basalt provinces (CFBPs) are the most studied LIP. Most CFBPs are initially 
emplaced within intra-plate settings, commonly adjacent to or on Archaean cratons 
(Anderson, 1999). These cratons were often very tectonically stable prior to the CFBP 
formation (King and Anderson, 1995, Anderson, 1999, Bryan and Ernst, 2008), yet CFBP 
formation is often associated with or preceded by extension (e.g. Paraná-Etendeka, Karoo-
Ferrar) (Courtillot et al., 1999). Theories behind how CFBPs and LIPs form are wide and 
varied. The most prominent theories propose mantle plumes (White and McKenzie, 1995, 
Courtillot and Renne, 2003, Campbell, 2007) or lithospheric delamination (Elkins-Tanton, 
2005) as causes for the anomalously large magma production. Interpreting the nature and 
origin of CFBP are complicated by alteration, intrusion through heterogenous continental 
lithosphere and possible mantle source heterogeneity as well as post-magmatic tectonic 
activity that leads to province dismembering and erosional loss (Ernst et al., 2005, Liu and 
Stegman, 2012). 
1.2 CFBP Geochemistry 
The basalts within individiual CFBPs can often be can be separated into two distinct 
geochemical suites, high-Ti and low-Ti (e.g. Karoo (Duncan et al., 1997);  Paraná-Etendeka 
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(Ewart et al., 2004) and Emeishan (Hou et al., 2011)). The two geochemical suites have 
undergone different petrogenetic processes (e.g. Ewart et al., 2004, Xiao et al., 2004). High-
Ti basalts show characteristcs of ocean island basalts (OIB) and have typically undergone 
minimal to no crustal assimilation (Bryan and Ernst, 2008, Bryan et al., 2010). The often 
volumetrically larger low-Ti basalts have geochemical signatures heavily influenced by 
lithospheric contamination (e.g. Barnes et al., 2010). This signature has to be attained either 
directly through assimilation of crustal material as a melt undergoes storage in crustal 
magma chambers (e.g. Ewart et al., 1998, Kumar et al., 2010) and/or from a parental 
magma which has melted a mantle or sub-continental lithospheric mantle (SCLM) source 
which contains a residual crustal signature (e.g. Turner and Hawkesworth, 1995).  The SCLM 
model requires the melting of large volumes of depleted peridotite that has been re-
enriched by metasomatism (Turner and Hawkesworth, 1995). Metasomatism occurs at the 
base of the SCLM through interaction with deeper derived melts (O'Reilly and Griffin, 2006, 
Foley, 2008). Beneath cratons, mantle xenoliths indicate a predominance of asthenosphere 
derived melts as the metasomatising agent (O'Reilly and Griffin, 2006, Foley, 2008). Beneath 
regions associated with recent subduction, xenoliths indicate slab dehydration is the main 
metasomatising agent (e.g. Brandon et al., 1999). To explain the crustal signature in the 
Tasmanian dolerites and the Emeishan CFBP Hergt et al. (1989) and Xiao et al. (2004) 
suggested metasomatism of large portions of the SCLM by slab-dehydration.  
Here I investigate the origin of the crustal trace element signature in CFBPs by interrogating 
the geochemistry of the Kalkarindji LIP, which represents a CFBP that is completely 
dominated by low-Ti basalts with crustal trace element signatures.  
1.3 Kalkarindji LIP 
The Early-Middle Cambrian (507 ±4 Ma (Glass and Phillips, 2006)) Kalkarindji LIP (Figure 1.1; 
Figure 1.2) is a CFBP that was erupted over a vast area (potentially having an original aerial 
extent of >1 million km2 (Glass and Phillips, 2006)) of northern and central Australia. It 
currently has a surface exposure of 425 000 km2 (Veevers, 2001). The extent of the 
Kalkarindji LIP may have been larger if the province was erupted onto micro-continental 
blocks that were attached to NW Australia during the Early Cambrian. This is difficult to 
constrain but the Tarim Block in NW China and the North China Block have been suggested 
as potential micro-continental blocks with volcanics of comparable age (Li et al., 1996, Li et 
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al., 2008) along with the Sibumasu block (current day Thailand through to Myanmar) (Zhu et 
al., 2012, Cocks and Torsvik, 2013).  
The thickest and largest surface exposure of the province is the Antrim Plateau Volcanics 
(APV) on the northern Western Australia – Northern Territory border (Figure 1.2), where 
previous study has been focused (Bultitude, 1971, Bultitude, 1976, Glass and Phillips, 2006). 
The volcanic locus is suggested to be close to the Halls Creek Mobile Zone coinciding with 
the thickest volcanic packages (> 1100m) (Mory and Beere, 1988). The APV were erupted 
unconformably onto Proterozoic sandstones, dominantly the Albert Edward Group (Dow, 
1965). The volcanics are overlain by the Headley or Montejinni Limestones in the Ord Basin 
and by the Tarrara Formation sandstones in the Bonaparte Basin (Bultitude, 1971, Mory and 
Beere, 1988). Individual lava flows within the Antrim Plateau Volcanics are typically 20-60 m 
thick (though can be up to 200 m), with both pāhoehoe and brecciated flow tops. The lavas 
are plagioclase, clinopyroxene and opaque phyric tholeites. Large phenocrysts of plagioclase 
or clinopyroxene are rare but do occur in a few flows (Bultitude, 1971). 
Glass (2002 favoured a delamination origin for the Kalkarindji LIP over a plume origin in 
which catastrophic delamination of the eclogite-rich base of the subcontinental lithosphere 
occurred associated with a 90° rotation of Australia around the time of eruption (Veevers, 
2001). This caused rapid mantle upwelling, decompression melting and the formation of 
picritic melts that subsequently intruded to shallow levels of the crust before eruption. 
1.4 Kalkarindji LIP Geochemistry  
The Kalkarindji basalts have a nearly constant geochemical trace element signature across 
the entire province. The Kalkarindji basalts contain high SiO2, low Ti and low Fe2O3t when 
compared to mid ocean ridge basalts (MORB). They are also enriched in incompatible 
elements such as U, Th and light rare earth elements (LREE) and relatively depleted in high 
field strength elements (HFSE). This is a trend seen in low-Ti basalts in other CFBPs 
worldwide (e.g. Ferrar; (Hergt et al., 1989), low-Ti Paraná; (Hawkesworth et al., 1986) and 
Deccan tholeiites; (Melluso et al., 2004)) and it has previously been suggested in the 
Kalkarindji LIP to represent contamination by felsic continental crust (Glass et al., 2006). 
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Figure 1.1: Reconstruction of the palaeogeography during the time of the Kalkarindji LIP formation adapted after Cocks 
and Torvisk (2013). The continental blocks are shown using their current outlines and does not represent where land 
occurred during the Middle Cambrian. Major continental blocks are shown in dark green while minor continental blocks 
are light green. The current extent of the Kalkarindji LIP is shown in black. The black line straddling the equator is the 
Milliwindi Dyke, which has been shown to be associated with the Kalkarindji LIP (Hanley and Wingate, 2000). The red 
lines are subduction zones. The numbers relate to volcanic activity occurring in the region around the time of the 
Kalkarindji LIP formation. 1: Basaltic and silicic volcanics in the central Lhasa subterrane (Zhu et al., 2012); 2: 
Dahongshan kimberlite on the South China Craton (Zhang et al., 2001); 3: Formation of the basement of the Japanese 
Arcs (Ehiro, 1999); 4: Volcanics in the Bainaimiao Arc (Zhang et al., 2014); 5: Formation of arcs that became part of the 
Qaidam-Qilian Terrane (Xiao et al., 2009); 6: Minor volcanism in arcs that were to become part of the Kunlun Terrane (de 
Jong et al., 2006); 7: Volcanism on Sibumasu, possibly associated with subduction (Zhu et al., 2012).  NG- New Guinea; 
QI- Qaidam-Qilian; KK- Karakorum. 
 
Unlike most other CFBPs worldwide, only low-Ti tholeites with limited geochemical variation 
have been recognised in the Kalkarindji LIP to date (Glass and Phillips, 2006). Though it has 
been postulated that associated high-Ti basalts could have erupted on any number of micro-
continents that are now in China (Li et al., 1996). Despite having a relatively homogeneous 
trace element signature, there are slight variations in geochemistry seen between different 
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localities and stages within the Kalkarindji LIP (Evins et al., 2009). The basalts that are most 
anomalous come from the Early Antrim Plateau Volcanics (Evins et al., 2009) and are 
notable for having high-Cr concentrations (>300 ppm) at a given SiO2 and MgO. 
 
Figure 1.2: Map of the Antrim Plateau Volcanics (APV) adjacent to the Ord Basin on the Northern Territory/ 
Western Australian border. The APV extends further south than this map shows. Also shown is the location 
of the stratigraphic section BMR Waterloo 1 (16°31’54.9”, 129°06’04.5”). Adapted after Clarke (2014). 
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1.5 Research Questions on the Kalkarindji LIP  
There are several questions which remain unanswered regarding the Kalkarindji LIP that are 
relevant to LIPs in general and require further study. I will attempt to answer them here. 
 What is the origin of the high-Cr Kalkarindji basalts and their relationship to the low-Cr 
Kalkarindji basalts? 
o The high-Cr basalts (>300 ppm) are characterised by crustal trace element signatures 
near identical to the low-Cr (<50 ppm) basalts. Basalts with high-Cr for a given SiO2 
are also observed in other low-Ti CFBP suites (e,g, Paraná-Etendeka LIP (Ewart, 2004) 
and Columbia River CFB (Hooper, 2000)). Despite their distinctive chemistry their 
origin has received limited attention. The high-Cr basalts are erupted early in the 
APV (Evins et al., 2009). It is therefore possible that these basalts could be either a 
parental magma to the low-Cr basalts or part of a similar but separate magma 
plumbing system. 
 Can crustal contamination of a mantle derived melt, with no crustal signature, account for 
the chemistry of the Kalkarindji basalts?  
o The basaltic magmatism of a LIP is ultimately sourced from melting in the upper 
mantle and such melts typically do not have a crustal signature. Basaltic magmas 
have higher liquidus temperatures than average continental crust and, therefore, 
intrusion of a basaltic liquid into the crust should cause partial melting of the crust. 
Importantly it is relatively straight forward to assess the viability of this process with 
modelling.  
 Is metasomatised SCLM the origin of the crustal trace element signature in the Kalkarindji 
basalts?   
o SCLM has been suggested as a potential source for low-Ti basalts in many CFBPs and 
intraplate basalts (e.g. Turner and Hawkesworth, 1995). In fact crustal 
contamination is dismissed as a possibility in some cases (e.g. Ma et al., 2014). No 
unique test for this model has been suggested. Nevertheless, the nature of the 
lithosphere beneath the Kalkarindji LIP is investigated to assess the likelihood that 
large volumes of metasomatised SCLM were present beneath the North Australian 
Craton and Kimberley block at the time of Kalkarindji volcanism.  
 
Benjamin Gray Masters of Applied Science 7 
2. METHODS 
2.1 Cuttings/Core Logging  
The samples for this study were obtained in May 2011 from the stratigraphic hole BMR 
Waterloo 1 (16°31’54.9”, 129°06’04.5”) (Figure 1.2). The chips were obtained using a rotary 
percussion rig from the 10-23 June 1970 by Bultitude (1971). All cuttings were collected at 5 
feet intervals with the exception being the first 10 feet (3.05m) and between 830-880 feet 
(252.98-268.22m) which were collected at 10 feet intervals. There are four core samples, 
ranging from 0.5-1.5m in length, taken from BMR Waterloo 1 at the depths of 30.5-32.0m, 
68.6-70.1m, 91.4-93.0m and 137.2-137.7m. The hole was vertically drilled to a depth of 
269.7m (885 feet) and did not reach basement. All cuttings were washed, bagged and left to 
dry before packing away. Potential contamination was ascertained by making thin sections 
by Bultitude after the drilling. On average three thin sections were made per interval. 
According to Bultitude (1971) there was only slight contamination, mostly from the heavily 
vesiculated and altered flow tops or from water bearing or heavily jointed zones. 
Samples for petrography were taken from every interval of cuttings as well as the core 
sections by Bultitude (1971) from the Geoscience Australia core sheds located in Canberra. 
BMR Waterloo 1 is towards the top of the Kalkarindji stratigraphy with the collar of the hole 
being 68.6m from the base of the overlying Headley’s Limestone which sits on a ridge 300m 
from the location of the hole (Bultitude, 1971). This stratigraphic hole is now housed in the 
Geoscience Australia core sheds in Canberra. Several chips were hand-picked from each 
interval concentrating on large (3-20mm) the fresh chips. Though care was taken to obtain 
samples that were not contaminates, it was difficult to be certain that all samples taken 
were from their respective interval due to the similarities between the flows. There was 
though, enough of a difference between flows to be confident that the samples taken were 
from their assigned flow. 
2.2 Geochemistry 
Major and trace element analysis was completed on 49 samples (Figure 3.1; Appendix) 
taken from BMR Waterloo 1, 46 from cuttings and 3 from core. The least altered samples 
were chosen making sure that samples from all potential flows were analysed. About 50g 
per sample was powdered using an agate mill before being sent for analysis. Preparation 
was completed at QUT’s Banyo Pilot Plant Precinct.  
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Major element analysis for 24 samples was conducted at ALS Brisbane using a Panalytical 
PW2640 Magix Fast 4kW Simultaneous Wavelength Dispersive X-Ray Spectrometer. A 
further 25 samples were analysed by Dr Mike Widdowson and Peter Marshall at Open 
University Milton Keynes XRF lab facility using a ARL 8420+ dual goniometer wavelength 
dispersive XRF spectrometer equipped with 3kW rhodium anode end-window X-ray tube, 
flow proportional and scintillation counters-fully collimated, diffracting crystals: AX06 
(multilayer), PET (penta-erythrytol), Ge111, LiF200, LiF220. 
Trace element analysis for 24 samples was conducted by Dr Alan Grieg at Melbourne 
University using an Agilent 7700 Quadrapole ICP-MS coupled to deep UV 193nm excimer 
laser ablation system. For both the major and minor element samples, analysis is via 
ablation of glass disks. The standards used while analysing the Kalkarindji LIP samples along 
with the values are shown in Appendix I. 
2.3 Thin Sections 
Polished thin sections have been made from the core sections with 17 made from 10-15cm 
chips that were set in resin.  The samples chosen were minimally altered, taken from the 
same interval as those geochemically analysed and represented as close to the centre of the 
flows as possible. Thirteen thin sections were made at Petrographic International while I 
made four thin sections at QUT. Point counting was attempted on thin sections using 
ImageJ. Plane polarised, cross polarised and reflected light images were taken. All but four 
of these thin sections had been altered to the point where petrographic analysis was 
impossible. 
2.4 Thermodynamic Modelling 
Once major and trace element data had been collected, thermodynamic modelling program, 
MELTS (Ghiorso and Sack, 1995) was used to model fractional crystallisation. The major 
element chemistry plus oxides of Cr, Ni and Co are inputted into the program along with 
volatile content, initial and final temperature of the system, initial and final pressure and 
oxygen fugacity (fO2). Using algorithms which take into account these parameters as defined 
in Ghiorso and Sack (1995) MELTS calculates the resultant chemistry of the melt and the 
crystallising phases. 
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3. RESULTS 
3.1 BMR Waterloo 1 Drill Hole Stratigraphy 
BMR Waterloo 1 (Figure 1.1; Figure 3.1) contains predominantly drill cuttings plus four small 
sections of drill core. The four drill core sections, which range from 0.5-1.6m, all intersect 
the flow cores of sheet flows. Within the drill chip samples three lithologies are recognisable 
– massive basalt, vesiculated basalt and siltstone/sandstone. Recognition of these three 
lithologies allow for the stratigraphy of the drill hole to be defined with consecutive sections 
of massive basalt interpreted as flow cores, consecutive sections of vesicular basalt as flow 
tops and the occurrence of siltstone as inter-flow sediments. This allowed for the definition 
of different flow units (Figure 3.1). There are eight complete flows that vary in thickness 
from 16.8m to 47.2m and two incompletely recovered flows; at the base of the stratigraphic 
hole only part of the flow top is evident and no flow core; at the top of the stratigraphic 
hole the uppermost 7m saprolitic alteration makes flows difficult to differentiate. The flow 
tops range from 3 m to 10.7 m in thickness and there appears to be no correlation with the 
thickness of the flow and the flow top.  
Chips from flow cores ranged in colour from red, grey, grey-green or grey-purple. The flow 
core facies generally contain fine-medium grained basalts with flows becoming 
progressively finer grained up flow. Three of the four thickest flows (the two uppermost 
flows and the flow from 157.0m to 190.5m) have medium-coarse grained basalts towards 
the base of flows. Although most chip samples are aphanitic, the occasional plagioclase or 
clinopyroxene phenocryst is present, most evident with plagioclase laths towards the base 
of the 157.0-190.5 m flow. Calcite, most likely filling joints and amygdales, is observed 
throughout the upper flow and in the upper 10m of the flow core from the 48.8-96.0m flow. 
Chips from the vesiculated flow tops were very fine grained, vesiculated, heavily altered and 
weathered. They are generally purple-red to brown in colour. The amygdales are mostly 
filled with a clay and/or chlorite matrix. Vesicles may also be filled with calcite or more 
rarely, quartz. Vesicle sizes ranged from 2-10 mm. The top 7.6 m (25 feet) of chips are 
interpreted to be vesiculated flow top despite being heavily altered to soil. Vesiculated 
basalt was observed at surface of the drill hole when in the field. There are three 
sedimentary units within BMR Waterloo 1, at 122m, 211m and 225m. All sedimentary units 
appear less than one metre thick and are quartz-rich with a clay matrix.  
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Figure 3.1: Stratigraphic section of BMR Waterloo 1. The four core samples taken from BMR Waterloo 1 are at the 
depths of 30.5-32.0m, 68.6-70.1m, 91.4-93.0m and 137.2-137.7m. 
Vesiculated flow top 
Flow core of sheet flow. All of the intervals 
have at least 5% vesicular basalt either due 
to contamination or possible compound 
flows. 
Depth (m) Stratigraphic 
Section 
Comments 
Saprolitic alteration of vesiculated flow top 
with upper 7.6m (25ft.) transitioning  to less 
altered flow top. 
Vesiculated flow top 
Flow core of sheet flow. Minor calcite in 
joints from throughout the flow. Heavily 
weathered at 33.5-41.1m, potentially show-
ing the watertable. 
Vesiculated flow top 
Flow core of sheet flow 
Vesiculated flow top 
Vesiculated flow top 
Vesiculated flow top with minor crystalline 
calcite. 
Flow core of sheet flow. Minor calcite until 
64m. 
Flow core of sheet flow. Thin siltstone bed at 
the base of the flow.  
Flow core of sheet flow. Thin sediment bed at 
the base of the flow. 
Flow core of sheet flow 
Vesiculated flow top 
Flow core of sheet flow. Quartz-rich and 
slightly altered siltstone/sandstone at the 
base of the flow. Chill margins where sedi-
ment contacts basalt. 
Thickness 
Flow: 48.8m (0-48.8m) 
Flow top: 10.7m (0-10.7m) 
Flow: 47.2m (48.8-96.0m) 
Flow top: 6.1 (48.8-54.9m) 
Flow: 16.8m (96.0-112.8m) 
Flow top: 7.6m (96.0-103.6m) 
Sediment:<0.5m (112.3-112.8m) 
Flow: 25.9m (112.8-138.7m) 
Flow top: 7.6m (112.8-120.4m) 
Flow: 18.3m (138.7-157.0m) 
Flow top: 6.1m (138.7-144.8m) 
Flow: 33.5m (157.0-190.5m) 
Flow top: 9.1m (157.0-166.1m) 
Flow: 22.4m (190.5-211.3m) 
Flow top: 3.0m (190.5-193.5m) 
Sediment:~0.5m (211.3-211.8m) 
Flow: 19.6m (211.8-231.4m) 
Flow top: 7.7m (211.8-219.5m) 
Sediment:~0.2m (231.4-231.6m) 
Flow: 33.6m (231.6-265.2m) 
Flow top: 3.1m (231.6-234.7m) 
Flow top: >4.5m (265.2-269.7m) 
Sample from flow core Sample from vesiculated flow top Core Section 















Flow core of sheet flow. Sediment at the 
base of the flow. Same as previous flow. 
Vesiculated flow top 
Vesiculated flow top 
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All three sedimentary units contained siltstone but the unit at the base of the 190.5-211.3m 
flow also contained very fine sandstone. 
There are four core samples taken from BMR Waterloo 1. All of which were taken from the 
flow core and hence do not contain any flow top. Given below is description of the core 
sections: 
 Core 1 (137.2-137.7 m): Moderately altered fine-medium grained basalt. The core is heavily 
iron stained red with patches of green chlorite staining. There is minor jointing which has 
been filled with calcite. This core section, although still within the flow core, has been taken 
towards the bottom of the flow core. 
 Core 2 (91.4-93.0 m): Medium grained basalt that has undergone moderate-low alteration. 
The core has undergone some red iron staining along with minor green chlorite staining. As 
with core 1 there is minor jointing filled with calcite. This core section, although still within 
the flow core, has been taken towards the bottom of the flow core. 
 Core 3(68.6-70.1 m): Grey, medium grained basalt that has undergone minimal alteration. 
This flow core is taken from near the centre of the flow core. 
 Core 4 (30.5-32.0 m): Grey medium grained basalt that has undergone minimal alteration. 
Core 4 is the only core section that contains visible plagioclase laths. This flow core is taken 
from near the centre of the flow core. 
3.2 Basalt Petrology  
All basalts observed in thin section contain a similar mineralogy. They all had varying levels 
of plagioclase, clinopyroxene and magnetite, with a clay matrix (mostly from weathered 
interstitial glass but also weathered plagioclase and clinopyroxene) (Figure 3.2). There was 
though, a variation in the relative abundances and mineral size. The clay content in the 
sections analysed by point counting was between 35-50%. Plagioclase (36-58%) was the 
most abundant mineral in all samples analysed and the most abundant primary mineral in 
all thin sections. The average grain size ranged from 0.004-0.015 mm2. Clinopyroxene was 
much less abundant than plagioclase at 8-23%. Clinopyroxene grains (0.012-0.061 mm2) 
were on average larger and had a larger range of grain size than plagioclase. The 
clinopyroxene grains were subhedral and, particularly the larger ones, appear to have grown 
with plagioclase as glomerocryst. The magnetite abundance (0.7-5.3%) and grain size 
(0.00025-0.014 mm2) varied greatly depending on sample and neither parameter appeared 
to be affected by the relative quantity and size of the other minerals. Magnetite appears 
euhedral except when having undergone alteration. There are rare euhedral plagioclase and 
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even rarer clinopyroxene phenocrysts observed in thin sections taken from chips that were 
towards the base and in the centre of the flows. These phenocrysts, especially the 
plagioclases had been heavily altered. Many of the thin sections contained areas with high 
levels of iron staining. In these areas most of the clinopyroxene had been replaced by 
secondary minerals. Bultitude (1971) had observed a similar phenomenon and suggested 
that the clinopyroxene had been replaced by hematite. 
 
Figure 3.2: Thin section photographs of sample W1 225-230 (Appendix I) in a) cross 
polarised light and b) plain polarised light showing clinopyroxene and altered plagioclase 
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3.3 Alteration 
All samples from the BMR Waterloo 1 drill hole have undergone alteration. The majority of 
samples analysed are from flow cores (n=40) with subordinate flow tops (n=9).  Loss on 
ignition (LOI) ranges from 0.47 wt.% to 4.68 wt.%, with a loose trend of flow tops having a 
higher LOI. The major elements Na2O, K2O and CaO (Figure 3.3) and the trace elements Cs, 
Pb, Ba and Cu (Figure 3.4) demonstrate a correlation and scattering with increased LOI 
(Figure 3.3) indicating that alteration has affected these elements and they are not used for 
interpretation. The two notable exceptions are Pb, which is used qualitatively to indicate 
crustal contamination, and Ba which is used in the Rb/Ba ratio with only the freshest, least 
altered samples to be considered. Ba is only minimally affected by alteration when LOI is 
low but is heavily affected once the LOI goes above ~2.5 wt.% (Figure 3.4). 
 
Figure 3.3: LOI of selected major elements showing the correlation between the alteration prone elements 
CaO and Na2O and a lack of correlation for the more fluid immobile elements such as TiO2 and Fe2O3. The 
green points are samples from BMR Waterloo and the black are samples from other studies in the Antrim 
Plateau Volcanics (APV) from Clark (2014) and Glass (2002). The grey dashed line at 2.5 wt.% LOI is the cut 
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Figure 3.4: Measure of alteration for selected trace elements using LOI. There is significant alteration noticeable in Pb 
with a major decrease with higher levels of LOI. Ba is affected but only more noticeably at higher LOI. Ni and Cr are 
largely unaffected. See Figure 3.3 for a guide to the symbols. 
Correlation of LOI with CaO likely reflects plagioclase alteration with the highly mobile Ca2+ 
leached out as water flowed through the basalts. Na2O on the other hand increases with 
alteration suggesting the possibility that the fluid that percolated through the basalts is 
likely to have been briny (sea water?). In contrast the major elements, SiO2, Fe2O3t and 
MgO, high field strength elements (HFSE), rare earth elements (REE) and other trace 
elements show minimal correlation with LOI and are interpreted here to be present in their 
magmatic relative proportion. BMR Waterloo 1 samples will require LOI of less than 2.5 
wt.% to be considered for modelling. Samples that have a LOI greater than 2.5 wt.% will be 
clearly defined on any plots and samples from literature regarding the APVs with LOI greater 
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3.4 Geochemistry 
The lavas of the Kalkarindji LIP are tholeiitic basalts to basaltic andesites with BMR Waterloo 
1 mostly basaltic andesite (Figure 3.5). All BMR Waterloo 1 samples correspond to low TiO2 
tholeiites as per the boundaries between low- and high-Ti which are  Ti/Y = 310 (Etendeka) 
(Peate et al., 1999) or 500 (Emeishan) (Xu et al., 2001) and TiO2 = 1.5% (Etendeka) (Marsh et 
al., 2001) or 2.2% (Emeishan) (Xu et al., 2001). No high TiO2 samples have been identified in 




Figure 3.6: Titanium discrimination diagrams. Both the TiO2 vs. MgO and Ti/Y vs. MgO show that BMR Waterloo 1 







































Figure 3.5: TAS diagram showing samples from BMR Waterloo 1 as basaltic andestie 
to basaltic trachyandesite in composition. Filled green circles are low LOI BMR 
Waterloo 1 samples; unfilled green circles are LOI >2,5 BMR Waterloo 1 samples; and 
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When shown against MgO, both CaO and Al2O3 show positive correlations. All other major 
element oxides show a negative correlation against MgO. Though CaO, Na2O and K2O have 
been strongly affected by alteration, clear trends are still observed for the least altered 
samples (Figure 3.7).  
 
Figure 3.7: Plots of SiO2, Fe2O3t, Al2O3 and CaO against MgO for samples BMR Waterloo 1 and the APV 
(symbols as in figure 3.5). The negative correlation with SiO2 and Fe2O3t is typical of basaltic fractionation 
series. However, the positive correlation with Al2O3 is not typical of basaltic fractionation series, though it 
is seen in other low-Ti flood basalts such the Gramado sequence in the Parana CFB (Peate and 
Hawkesworth, 1996).  
In the first row transition elements, both Ni and Cr show two clear groups within BMR 
Waterloo 1 with one group having elevated Cr (>100ppm) and Ni (>45ppm) and the second 
with low Cr (<50ppm) and Ni (<45ppm) (Figure 3.8). BMR Waterloo 1 does not contain the 
>250ppm Cr basalts found by Glass (2002) and Evins et al (2009). The two Cr groups have 
distinctly different chemistries, with the high-Cr group having higher Mg and Al relative to 
the low-Cr group, and will hither forth be considered separately (Figure 3.8).  
High field strength elements (HFSE), due to their large ionic charge, are immobile and 
therefore less affected by alteration (Pearce, 1983) and show no correlation with LOI in the 
BMR Waterloo 1 samples. All HFSE, including the rare earth elements (REE), show a negative 
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Figure 3.8: Plots of selected trace elements against MgO for samples BMR Waterloo 1 and the APV (black 
circles). The BMR Waterloo 1 samples show a clear separation in Ni and Cr content. This separation is also 
evident in La and Yb (and the other REE) as well as the HFSE including Nb and Th.  
The filled blue circles are LOI< 2.5 low-Cr samples; the open blue circles are LOI> 2.5 low-Cr samples; the 
filled red circles are LOI< 2.5 high-Cr samples; the open red circles are LOI> 2.5 high-Cr samples.  
The light rare earth elements, particularly La, are enriched compared to middle rare earth 
elements and heavy rare earth elements (Figure 3.8). There is a separation between the 
high-Cr and low-Cr groups, with the high-Cr group being systematically lower in all REE 
relative to the low-Cr group (Figure 3.3; Figure 3.9). There is a slight Europium anomaly 
evident in all samples with a Europium anomaly (Eu/Eu*) of 0.8±0.03 and has a weak 
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Figure 3.9: REE spider diagram normalised to C1 chondrite 
(McDonough and Sun, 1995) for high-Cr and low-Cr BMR 
Waterloo 1 basalts. 
Two ratios that are important for basalts that have lithospheric trace element signatures are 
Nb/Th and Rb/Ba. As previously stated, alteration can affect the both Rb and Ba. Despite 
this the Rb/Ba ratio appears to be affected minimally by alteration. Still, only the least 
altered samples have been used to determine any trends, represented in Figure 3.10 by the 
solid blue and red symbols. Basalts from the APVs have low Nb/Th and high Rb/Ba (Figure 
3.10) when compared to N-MORB. The Nb/Th ratio is more than an order of magnitude 
higher for MORB than it is throughout the APV, 19.42 for MORB compared to 0.6-1.4 for the 
APVs. Rb/Ba ratios on the other hand are only slightly less in MORB than for the APVs.  Both 
the low- and high-Cr basalt groups are indistinguishable when compared against their Rb/Ba 
and Nb/Th ratios.  
 
Figure 3.10: Nb/Th and Rb/Ba ratios shown against MgO. There is no or minimal difference between the 
ratios for high- and low-Cr basalts. The Nb/Th ratio for MORB is 19.42 and 0.09 for Rb/Ba. The black 
cross is the value for upper continental crust (UCC) (Rudnick and Gao, 2003). See Figure 3.7 for a guide 
to all other symbols. 
Multi-element diagrams or ‘spider diagrams’ are a useful way of portraying trace elements. 
All trace elements are normalised to N-MORB (Sun and McDonough, 1989) . The BMR 
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100













high-Cr BMR Waterloo 1
low-Cr BMR Waterloo 1
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Waterloo 1 basalts show the geochemical homogeneity that has previously been observed 
in all other Kalkarindji basalts (Glass, 2002, Glass and Phillips, 2006, Evins et al., 2009, Clark, 
2014) (Figure 3.11). They have an enrichment of incompatible elements when compared 
with N-MORB and an overall trace element signature similar to upper continental crust 
(UCC). The lavas also show a marked depletion in Nb and Ta similar to UUC and therefore 
have low Nb/Th ratio (0.6-1.48 compared to 19.4 for N-MORB and 1.14 for UCC). 
 
Figure 3.11: N-MORB normalised trace element spider diagram after Sun and McDonough (1989) for 
the high-Cr and low-Cr BMR Waterloo 1 samples and the average upper continental crust (UCC) and 
lower continental crust (LCC) taken from Rudnick and Gao (2003). The N-MORB values for Ni and Co 
are taken from a N-MORB Icelandic picrite (P2) (Révillon et al., 1999). 
The most marked difference between UCC and Kalkarindji lavas is the Rb/Ba ratio which is 
0.13 in UCC with most BMR Waterloo 1 basalts ranging from 0.2-0.3 (Figure 3.10). The high-
Cr lavas from BMR Waterloo 1 are consistently depleted in incompatible elements when 
compared to the low-Cr lavas. The high-Cr basalts are less heterogeneous than the low-Cr 
basalts. 
3.5 Stratigraphic Geochemical Variation 
There is clear evidence of geochemical variation through BMR Waterloo 1. Although it is 
difficult to distinguish between every individual flow using geochemistry, there are two 
distinct geochemical groupings. These two geochemical groupings interleave to form five 
cycles (Figure 3.12). Three of the cycles contain low-Cr basalts (<50 ppm) while two contain 
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lower TiO2 and Fe2O3t than low-Cr basalts (Figure 3.12). Even though there are more low-Cr 
cycles, the high-Cr basaltic flows are thicker and therefore there is more high-Cr basalt in 
BMR Waterloo 1 with 156.9m of the stratigraphic containing high-Cr basalt and 112.8m 
containing low-Cr basalt. 
Though it is easy to pick the two geochemical groupings, there is some variability within 
these groupings. Cycle 1 has the most variability which could be due to it being a compound 
flow. Despite the majority of samples taken from Cycle 1 being high-Cr, there is a low-Cr 
sample within the cycle and large variability within the high-Cr samples. Coupled with the 
fact that there is vesiculation found throughout Cycle 1, it could be evidence of a compound 
flow. The high-Cr sample W1 405-410 (which at is 123.4-125.0 m) appears to be 
contamination within Cycle 3 from either of the two high-Cr flows higher up the sequence. 
There is no evidence of vesiculation here, unlike in Cycle 1, therefore it is unlikely to be a 
compound flow. There is the chance that this anomaly could be through insulated 
emplacement similar to what is seen in the Columbia River LIP (Vye-Brown et al., 2013). 
While this is a possibility, there have been no studies or observations of this occurring 
within the Kalkarindji LIP.  
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Figure 3.12: Stratigraphic section showing the stratigraphic variation of TiO2, MgO, Al2O3, Ni and Cr with depth. The blue 
flows are low-Cr while the pink flows are high-Cr. The anomalous Cr sample at 108m (W1-350-355) is perceived to be a 
contaminated sample from higher up the stratigraphic section. The 5 cycles relate to the cyclical nature of these flows. 
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High-Cr BMR Waterloo 1 Low-Cr BMR Waterloo 1 
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4. DISCUSSION 
4.1 Formation of the high-Cr and low-Cr Kalkarindji basalts 
Lavas throughout the Kalkarindji LIP show both relatively high SiO2 (52-55%) for a given 
MgO, enrichment in most incompatible trace elements (U, Th, and LREE), with the exception 
of Nb and Ta (Nb/Th 0.59-1.42), and have low-TiO2 and Fe2O3t relative to MgO. This 
chemistry is not unique to the Kalkarindji province, with the Grande Ronde basalts from the 
Colombia River LIP (Reidel, 1982), the Mahabaleshwar formation from the Deccan Traps 
(Melluso et al., 2004), and Tafelberg basalts from the Paraná-Etendeka LIP (Ewart et al., 
2004) having similar chemistry. 
In contrast to other CFBP, the Kalkarindji CFBP only contains lavas with relatively high SiO2 
for a given MgO and low Nb/Th and is broadly geochemically homogeneous, particularly the 
trace element signature. Nevertheless, there are noticeable geochemical variations within 
the province. One of the more pronounced variations is seen in the Cr contents. Within BMR 
Waterloo 1 there are two distinct Cr groupings. The higher Cr (~100-220 ppm) group also 
has higher MgO, Al2O3 and Ni with lower Fe2O3t, TiO2 and incompatible elements than the 
low-Cr group (<50 ppm) (Figure 3.12). These two groups are roughly equivalent to the Main 
(6.5-7.5 MgO wt.%) and Late (3.8-5.8 wt.% MgO) Antrim Plateau Volcanics described by 
Evins et al. (2009). The sensu stricto Early (7.5-9 wt.% MgO; Cr 280-450ppm) Antrim Plateau 
Volcanics observed by Glass (2002), Evins et al., (2009) and Marshall (unpublished data) are 
not found in BMR Waterloo 1.  The high-Cr lava flows, while still heavily enriched in 
incompatible elements and REEs when compared to N-MORB, are depleted in all 
incompatible elements relative to the low-Cr lavas (Figure 3.9 & 3.11). The high-Cr basalts 
also retain the low Nb/Th ratio (0.6-1.2) (Figure 3.10) seen in all Kalkarindji basalts. 
4.2 Petrogenetic association and cyclicity between the high-Cr and low-Cr basalts 
In the Kalkarindji LIP, the presence of distinct cycles containing alternating high- and low-Mg 
and Cr basaltic flows (Figure 3.12) show there is clear geochemical variation throughout the 
life of the Kalkarindji LIP. The question of whether these cycles within BMR Waterloo 1 are 
directly petrogenetically linked is investigated through the use of thermodynamic modelling 
program MELTS (Ghiorso and Sack, 1995). The initial conditions at which crystallisation of 
the Kalkarindji basalts occurred is determined using MELTS (Ghiorso and Sack, 1995). These 
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conditions are the pressure and hence depth of crystallisation along with the volatile 
content. The oxygen fugacity (fO2) has previously been determined by Glass (2002). Initial 
modelling was attempted using the most mafic fresh sample from the province, AR038 from 
Glass (2002).  
The pressure at which fractional crystallisation occurred is best set at 2000 bars, equivalent 
to ~6km depth, which is still well within the upper crust and consistent with the depth of 
formation of shallow mafic intrusion in CFBP (e.g. Bushveld, Deccan (Boudreau, 2008, Kumar 
et al., 2010)). A pressure of 10 bars has previously been used as a depth of fractional 
crystallisation for the Kalkarindji basalts (Glass, 2002). Though 10 bars matches the observed 
major element trends closest (Figure 4.1), it is unlikely that a magma chamber sizable 
enough to produce the massive flows seen in the Kalkarindji LIP would occur at this depth. 
At this depth (6km), an increasing volatile content takes the crystallisation path further off 
the observed trend (Figure 4.2). This is caused by water suppressing the crystallisation of 
plagioclase which sees the Al2O3 content rise in relation to MgO. Therefore the volatile 
content will be set at zero. 
The likely oxygen fugacity (fO2) present during the crystallisation of the Kalkarindji basalts 
was determined by Glass (2002) to be the quartz-fayalite-magnetite (QFM) buffer through 
hematite-magnetite pairs by means of a technique by Spencer & Lindsley (1981). These 
conditions for crystallisation will be used throughout the modelling unless otherwise stated. 
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Figure 4.1: Fractional crystallisation modelling of AR038 at different 
pressures. The fO2 is QFM and with zero volatile content. This graph 
shows that the lower the pressure, the more closely the crystallisation 
trend follows the trend within the Kalkarindji LIP. See Figure 3.7 for a 
guide to the symbols. 
 
Figure 4.2: Fractional crystallisation modelling of AR038 at different 
volatile contents. The pressure is set at 2000 bar and the fO2 is QFM. As 
the volatile content increases, the further crystallisation is from the 
observed MgO/Al2O3 trend. See Figure 3.7 for a guide to the symbols. 
 
Fractional crystallisation does not fit the observed trends when using the determined 
parameters within MELTS (Ghiorso and Sack, 1995) (Figure 4.3). This is initially due to olivine 
and then clinopyroxene being the only mineral phases that fractionate in the earlier stages 
cooling. This causes an increase in Al2O3 when measured against MgO as both olivine and 
clinopyroxene (in the form of clinoenstatite, hedenbergite and some diopside) both contain 
significant magnesium and have no or minimal aluminium. The fractionation of plagioclase is 
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that plagioclase fractionation increases with decreasing pressure (Patiño Douce and Beard, 
1995). The only way to adequately fit the observed trend within the Kalkarindji basalts is if 
fractional crystallisation occurs at almost surface levels (i.e. 10 bars, which is ~300m below 
the surface). This is totally impractical and as previously stated, large chambers that have 
formed at shallow depths within LIPs have formed at approximately 6km. Therefore, more 




Figure 4.3: MELTS modelling of fractional crystallisation of W1 735-74. For 
the fractional crystallisation to fit the trend observed there needs to be a 
higher amount of plagioclase fractionation. Due to the pre-eminence of 
olivine fractionation early and then clinopyroxene, plagioclase does not 
fractionate enough to see Al2O3 reduced relative to MgO. The introduction 
of new minerals is evidenced by an inflection in modelled trend as labelled. 
 
4.3 Formation of the Kalkarindji basalts 
The classic model to explain high SiO2 for a given MgO and low Nb/Th is crustal assimilation, 
which is tested here to explain the origin of the high- and low-Cr basalts of the Kalkarindji 
province. Since pure fractional crystallisation does not adequately account for the 
production of the Kalkarindji basalts, here we will test different models of how the most 
primitive, high-Cr Kalkarindji basalts could have formed and their relationship to low-Cr 
basalts combining fractional crystallisation, melt mixing and crustal contamination. Three 
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 Firstly, high-Cr picrite undergoes fractional crystallisation within a shallow magma 
chamber within the upper continental crust, without any contamination from upper 
crustal material. 
 Secondly, the high-Cr basalt could have formed through recharge of a pre-existing 
magma chamber with evolved low-Cr crustally contaminated magma by a high-Cr 
picritic magma giving rise to a hybrid high-Cr, incompatible element enriched and 
high SiO2 melt. 
 Lastly, high-Cr picritic magma intrudes into the shallow crust forming a new magma 
chamber whereby the magma then undergoes contamination from upper 
continental crust and fractional crystallisation. 
Since there are no picrites observed within or associated with the Kalkarindji basalts to use 
as the high-Cr endmember, picrites from other locations will be used in the modelling. The 
picrites used in this modelling have been taken from other CFBPs (Deccan, Greenland and 
Curaçao) and from hotspots (Hawaii (intraplate) and Iceland (plate boundary)) (Figure 4.4; 
Table 4.1).  Fractional crystallisation of trace elements is not modelled in MELTS, therefore 
the Raleigh equation along with basaltic partition coefficients is instead used. Using the 
mineral assemblages derived from MELTS and the partition coefficients (Table 4.2), the 
trace element signature after fractional crystallisation was then calculated. 
 
Figure 4.4: N-MORB normalised trace element spider diagram of the five picrites that 
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Table 4.1: Major and trace element composition of picrites used in modelling. The most primitive 
basalt found in the Kalkaridji LIP, AR038 is also included. 
Sample Iceland Deccan Hawaii Greenland Curaçao Kalkarindji 
  P1 D81 KIL-2-1 332788 Cu53 AR038 
SiO2 47.11 46.31 47.98 43.34 45.81 51.26 
TiO2 0.54 1.92 1.71 1.03 0.68 0.75 
Al2O3 14.98 11.98 9.12 7.79 8.84 15.81 
Fe2O3t 9.64 12.71 12.57 12.27 12.08 7.72 
MnO 0.16 0.14 0.16 0.17 0.11 0.19 
MgO 13.49 14.46 20.66 25.62 26.26 8.83 
CaO 12.67 11.24 7.39 6.93 6.15 10.88 
Na2O 1.32 1.29 1.3 0.87 0 1.96 
K2O 0.03 0.63 0.3 0.35 0.01 0.79 
P2O5 0.04 0.27 0.15 0.09 0.04 0.07 
LOI 0.43 2.84 - 2.51 7.89 2.08 
Total 99.98 100.95 100.08 98.46 99.98 99.57 
Trace Elements (ppm) 
 
  
Sc 38.03 36 22.50 23.53 31.75 32.20 
V 186 293 211 206 129 142 
Cr 898 1173 1319 1955 2766 409 
Co 55 77 86 94 94 - 
Ni 370 310 1087 1447 1250 142 
Cu 99 79 64 80 63 12.40 
Zn 61 97 93 77 74 - 
Ga 13 16 14.5 10 9 10.10 
Rb 0.61 13.2 5.4 11.81 0.21 28.80 
Sr 80.88 273 219 176.09 7.4 140.30 
Y 14.85 15 19.8 13.8 9.82 18.20 
Zr 22.4 101 117 66.6 30.69 72.20 
Nb 1.33 18.3 10.3 6.01 2.24 2.80 
Cs 0.01 0.16 0.096 0.02 0.06 0.48 
Ba 9.43 223 72 63.49 0.84 132 
La 1.2 15.2 8.27 5.26 1.67 8.84 
Ce 3.22 33.8 20.3 13.13 4.57 19.38 
Pr 0.53 4.06 2.82 1.91 0.69 2.45 
Nd 2.92 17.4 14.1 8.74 3.47 10.22 
Sm 1.14 4.22 3.77 2.47 1.1 2.51 
Eu 0.5 1.32 1.26 0.87 0.32 0.72 
Gd 1.75 4.33 4.07 2.69 1.45 2.78 
Tb 0.34 0.53 0.65 0.44 0.25 0.48 
Dy 2.28 3.06 3.59 2.62 1.6 2.99 
Ho 0.52 0.53 0.69 0.51 0.35 0.63 
Er 1.43 1.36 1.74 1.31 0.94 1.76 
Tm 0.23 0.19 - 0.18 0.15 - 
Yb 1.48 1.09 1.41 1.13 1 1.72 
Lu 0.23 0.23 0.2 0.16 0.14 0.26 
Hf 0.65 2.44 2.82 1.7 0.77 1.83 
Ta 0.1 1.4 0.72 0.36 0.16 0.22 
Pb 0.24 1.75 0.71 0.68 0.13 10.00 
Th 0.08 1.99 0.61 0.46 0.15 3.70 
U 0.02 0.34 0.19 0.11 0.03 0.52 
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Table 4.2: Partition coefficients used in modelling. It was not possible to get 
partition coefficients that are going to be totally accurate as it is not known 
the exact conditions under which these minerals formed. All partition 
coefficients are taken from basalts. 
Trace 
element CPX Plag Olivine Spinel OPX 
Cr 25.9 0.008 0.70 153 10.0 
Sc 2.6 0.029 0.17 0.36 1.20 
Ni 2.6 0.002 5.9 29 7.78 
Rb 0.003 0.02 0.0098 0.029 0.022 
Sr 0.07 1.86 0.014 0.0047 0.04 
Y 0.51 0.007 0.01 0.2 0.018 
Zr 0.08 0.0003 0.012 0.1 0.18 
Nb 0.01 0.0005 0.01 0.4 0.15 
Ba 0.004 0.24 0.0099 0.0006 0.013 
La 0.05 0.05 0.0067 0.01 0.0007 
Ce 0.08 0.043 0.006 0.01 0.02 
Pr 0.13 0.037 0.0008 0.01 0.0006 
Nd 0.19 0.03 0.0059 0.01 0.05 
Sm 0.31 0.02 0.007 0.01 0.05 
Eu 0.29 0.41 0.0074 0.01 0.05 
Gd 0.42 0.013 0.01 0.01 0.09 
Tb 0.47 0.01 0.03 0.01 0.019 
Dy 0.5 0.008 0.013 0.01 0.15 
Ho 0.52 0.007 0.0016 0.01 0.026 
Er 0.52 0.005 0.0256 0.01 0.23 
Tm 0.51 0.004 0.106 0.01 0.04 
Yb 0.49 0.003 0.0491 0.01 0.34 
Lu 0.47 0.003 0.0454 0.01 0.42 
Hf 0.13 0.001 0.013 0.65 0.15 
Ta 0.005 0.004 0.065 0.0004 0.008 
Th 0.005 0.0004 0.0001 0.0024 0.0006 
U 0.007 0.002 0.0001 0.012 0.0013 
Notes: 
Clinopyroxene partition coefficients taken from Glass (2002) 
Plagioclase partition coefficients taken from Glass (2002) 
Olivine partition coefficients taken from: Arth (1976) except Ta, Li (Dunn 
and Sen, 1994), La-Lu (Fujimaki et al., 1984), Ho, Pr, Th, U, Pb (McKenzie 
and O'Nions, 1991)  and Cs, Tb (Villemant et al., 1981). 
Spinel partition coefficients taken from: McKenzie and O’Nions (1991) 
except Ba, Ta, Sr, Pb, Rb (Elkins et al., 2008), Hf, Th, U (Klemme et al., 
2006), Cr,V (Ringwood, 1970) and Ni (Schock, 1979). 
Orthopyroxene partition coefficients taken from Arth (1976) except Pr, La, 
Hf, Ta, Th, U (Klemme et al., 2006) and Tb, Tm, Ho (McKenzie and 
O'Nions, 1991) 
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Model 1: The purely fractional crystallisation model requires the fractional crystallisation of 
a high-Cr (>450ppm Cr) picritic parental magma that has intruded into the upper continental 
crust without the assimilation of continental crust or any other material. The degree of 
fractional crystallisation is dependent on the initial Cr concentrations and the minerals 
crystallising. In all cases olivine and spinel were the initial crystallising minerals with the 
addition of orthopyroxene at higher levels of fractional crystallisation. The two lower Cr 
content picrites, from Iceland and Deccan, had low levels of fractional crystallisation of 
3.07% and 13.06% respectively with orthopyroxene not crystallising (Figure 4.5; Table 4.3). 
The three higher Cr content picrites underwent more than 35% fractional crystallisation. 
Despite the differences in the levels of fractional crystallisation the major element chemistry 
after fractional crystallisation is relatively similar. None of the picrites after fractional 
crystallisation resemble the major element chemistry of the high-Cr Kalkarindji basalts 
(Table 4.3). All except the Hawaii picrite have low SiO2 contents (47wt. % compared with 
∼52wt. %) compared to the average high-Cr Kalkarindji lavas. The CaO and MgO levels are 
significantly higher in the fractionally crystallised picrites compared with the high-Cr 
Kalkarindji lavas. 
The greatest evidence against the fractional crystallisation model comes from the trace 
elements (Figure 4.5). Purely fractionating a picrite gives you a trace element signature that 
is dissimilar to the Kalkarindji lavas. Even so, the picrites after fractional crystallisation do 
not show the crustal signatures that are evident in all the Kalkarindji lavas. The most 
noticeable is the depletion of Nb and Ta in upper crustal rocks. Excluding a few outliers, the 
highest Nb/Th ratio in the Kalkarindji LIP is 1.40 with the average Kalkarindji lava having an 
Nb/Th ratio less than 1. All the fractionated picrites have Nb/Th ratios an order of 
magnitude larger, the smallest being 9.17. Also the fractioned picrites don’t have the 
prominent Pb and U peaks seen in the Kalkarindji and upper crustal rocks. Therefore based 
of this modelling, the high-Cr picrites cannot have formed from pure fractional 
crystallisation of a picrite without any crustal component. This model will therefore be 
dismissed when further considering the formation of the high-Cr Kalkarindji basalts. 
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Table 4.3: Major elements after fractional crystallisation of the five picrites. All five picrites were 
fractionally crystallised to 409 ppm Cr. 
Sample Iceland Deccan Hawaii Greenland Curaçao 
 Element (wt.%) P1 D81 KIL-2-1 332788 Cu53 
SiO2 47.61 47.26 49.35 47.69 47.21 
TiO2 0.55 2.16 2.65 1.79 1.34 
Al2O3 15.22 13.45 13.76 13.42 15.67 
Fe2O3t 9.66 12.36 11.73 12.13 12.15 
MnO 0.16 0.13 0.16 0.14 0.13 
MgO 13.16 10.45 9.29 11.46 12.29 
CaO 12.93 12.65 11.15 11.90 11.99 
Na2O 1.35 1.46 2.05 1.53 0.00 
K2O 0.03 0.71 0.48 0.62 0.02 
P2O5 0.04 0.31 0.24 0.16 0.08 
Cr (ppm) 409 409 409 409 409 
Liquidus (°C) 1383.98 1373.24 1483.01 1572.66 1564.84 
%FC 3.07 13.06 37.26 43.12 42.99 
Nb/Th 16.61 9.17 13.06 13.04 12.91 
 
 
Figure 4.5: Trace element spider diagram of the five picrites after fractional 
crystallisation had reached 409ppm Cr. The black line is average trace 
element signature of the Antrim Plateau Volcanics (APV) taken from 211 
samples from Glass (2002), Evins (2009), Clark (unpublished thesis) and this 
study.  
Model 2: Low-Cr basalt with a strong crustal signature will be mixed with a high-Cr picrite 
without any fractional crystallisation occurring before extrusion. Sample W1-805-810 has 
been chosen as the proxy for the pre-existing magma because of its low-Cr concentration 
(33.67ppm) and has a trace element signature that is comparable to the average Kalkarindji, 
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fractional crystallisation model are chosen as potential contaminates (Figure 4.4; Table 4.1). 
The level of recharge is determined when the Cr concentration reaches 409ppm, which as 
previously stated, is the highest Cr concentration from the Kalkarindji LIP in literature (Glass, 
2002). 
Many of the major element concentrations after mixing are similar to high-Cr Kalkarindji 
basalts, particularly the Iceland picrite. The biggest issues are with Al2O3 and Fe2O3t. With 
Kalkarindji basalts we see a decrease in MgO along with a decrease in Al2O3. This is the 
opposite trend seen in picrites (e.g. Norman and Garcia, 1999, Révillon et al., 1999). Adding 
a significant amount of picrite will therefore change the Al2O3 content in a way not observed 
in Kalkarindji basalts. The Iceland picrite fits the model best due to it having low MgO 
content relative to Al2O3 content (Figure 4.6; Table 4.4). A similar issue is seen with Fe2O3t 
but we see Fe2O3t increasing with decreasing MgO in the Kalkarindji basalts. Fe2O3 contents 
are above that of AR038, with the Iceland picrite being the closest. Consequently it is 
unlikely that the high-Cr Kalkarindji basalts were created through the recharging of a low-Cr 
basaltic melt with a picrite.  
After recharge, all five compositions have retained their strong trace element upper crustal 
signature (Figure 4.6; Table 4.4). The Iceland picrite is the only picrite to have a trace 
element signature that resembles high-Cr Kalkarindji lavas but a 43.42% picrite to 56.68% 
W1 805-810 mixture was required to achieve this. The other four still resemble the low-Cr 
lava (W1 805-810). This is due to the Iceland picrite having a trace element signature that is 
similar to N-MORB and is depleted in all incompatible elements when compared to the 
Kalkarindji lavas. While the Curaçao picrite also has a similar trace element signature to N-
MORB only 13.74% Curaçao picrite was needed to increase the Cr concentration to 409ppm. 
Therefore the low-Cr basalt was able to buffer against any significant change in trace 
elements, in particular the incompatible elements. To achieve a trace element signature 
that resembles high-Cr Kalkarindji lava requires a large volume of recharging picrite to dilute 
the low-Cr mixing end-member. This recharge model does reproduce the strong crustal 
trace element signatures but cannot reproduce the major element chemistry. 
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Table 4.4: Major and trace element chemistry of the Kalkarindji basalt after recharge with the 
various picrites. The five picrites have been modelled intruding into an upper crustal magma 
chamber containing low-Cr Kalkarindji basalt (W1 805-810). 
Sample Iceland Deccan Hawaii Greenland Curaçao Kalkarindji 
  P1 D81 KIL-2-1 332788 Cu53 AR038 
SiO2 50.67 51.24 52.16 52.94 51.81 51.26 
TiO2 0.90 1.51 1.22 1.17 1.21 0.75 
Al2O3 14.64 13.41 13.03 13.43 12.82 15.81 
Fe2O3 10.19 11.50 11.05 10.96 11.10 7.72 
MnO 0.16 0.16 0.17 0.16 0.17 0.19 
MgO 8.93 8.18 8.46 7.80 9.13 8.83 
CaO 10.64 9.60 8.26 8.19 8.21 10.88 
Na2O 2.58 2.88 3.28 3.25 3.19 1.96 
K2O 0.72 1.12 1.21 1.19 1.18 0.79 
P2O5 0.09 0.19 0.13 0.12 0.13 0.07 
%picrite 43.42 32.94 29.2 19.54 13.74 - 
Trace elements 
Sc 38.51 37.93 34.10 35.88 37.90 32.2 
V 253 300 277 285 280 142 
Cr 409 409 409 409 409 409 
Co 45 51 52 49 46 - 
Ni 184 130 347 316 207 142 
Cu 50 35 28 26 20 12.4 
Zn 57 69 66 59 57 - 
Ga 16 18 17 17 17 10.1 
Rb 29.46 38.95 38.11 43.82 44.54 28.8 
Sr 131 203 184 171 147 140.3 
Y 23.88 25.60 27.59 27.48 27.92 18.2 
Zr 93 132 139 132 132 72.2 
Nb 4.97 11.24 8.51 7.43 7.01 2.8 
Cs 0.43 0.56 0.56 0.61 0.66 0.48 
Ba 124 216 172 184 184 132 
La 13.04 19.85 18.09 18.84 19.32 8.84 
Ce 27.53 42.11 38.63 39.73 40.47 19.38 
Pr 3.38 5.07 4.76 4.85 4.90 2.45 
Nd 13.65 20.41 19.62 19.32 19.36 10.22 
Sm 3.38 4.81 4.71 4.58 4.55 2.51 
Eu 1.03 1.40 1.39 1.33 1.28 0.72 
Gd 3.86 5.10 5.06 4.93 4.92 2.78 
Tb 0.66 0.79 0.84 0.82 0.82 0.48 
Dy 4.23 4.84 5.10 5.11 5.15 2.99 
Ho 0.92 0.99 1.06 1.08 1.10 0.63 
Er 2.54 2.73 2.91 2.99 3.06 1.76 
Tm 0.39 0.40 - 0.44 0.46 - 
Yb 2.44 2.49 2.66 2.77 2.87 1.72 
Lu 0.36 0.39 0.39 0.41 0.42 0.26 
Hf 2.48 3.41 3.57 3.46 3.46 1.83 
Ta 0.35 0.83 0.60 0.51 0.49 0.22 
Pb 5.50 6.97 6.96 7.80 8.24 10 
Th 4.67 6.15 5.98 6.69 7.09 3.7 
U 0.84 1.10 1.10 1.20 1.27 0.52 
Nb/Th 1.06 1.83 1.42 1.11 0.99 0.76 
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Figure 4.6: Spider diagram after recharge of low-Cr Kalkarindji basalt (W1 805-
810) with the various picrites. High-Cr Kalkarindji basalt (AR038) is also shown. 
Model 3: The combined contamination and fractional crystallisation model requires high-Cr 
picritic magma to intrude into the shallow crust, forming a new magma chamber while 
undergoing contamination from the surrounding upper continental crust. Here for simplicity 
of modelling we assume that crustal contamination occurred upon intrusion into the 
shallow crust before homogenisation and prior to onset of fractional crystallisation rather 
than a continuous assimilation fractional crystallisation model such as DePaolo (1981) and 
Kumar (2010).  
For the upper continental crust, average upper continental crust (UCC) from Rudnick and 
Gao (2003) has been used as the composition of the crust that the Kalkarindji lavas intruded 
into is not known. Lower continental crust (LCC) (Rudnick and Gao, 2003) was not 
considered because it does not have the prominent U peak evident in UCC and all Kalkarindji 
basalts and the Rb/Ba ratio of the UCC and the Kalkarindji basalts are similar, but the LCC is 
different. 
The Nb/Th ratio is used as an indicator of the level of crustal contamination. Nb, along with 
Ta, is heavily depleted in continental crust relative to Th (Condie, 1993).  The range of Nb/Th 
ratios for the five picrites is 9.20-16.63 (Table 4.6). Discarding altered samples and extreme 
outliers, the upper limit for Nb/Th ratios in the Kalkarindji LIP is 1.42 (sample: D04 (Evins et 
al., 2009)). Here I model the amount of UCC to be assimilated into the intruding picrites as 
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The Deccan, Hawaiian and Greenland picrites needed well over 50% UCC to get the Nb/Th 
ratio to 1.42. This is much higher than the 29.48% and 41.06% needed for the Icelandic and 
Curaçao picrites (Figure 4.7; Table 4.5). This is because the Icelandic and Curaçao picrites 
both have very low concentrations of Nb and Th (Table 4.1) and any addition of Nb and Th 
to these picrites will affect the Nb/Th ratio greatly.  While the picrites from Greenland and 
Deccan, with much higher Nb and Th concentration, require much higher quantiies of UCC 
to affect their Nb/Th. Due to the large amount of crustal material needed for the Deccan, 
Hawaiian and Greenland picrites, the SiO2 concentration of the resultant liquid became very 
high (63.39%, 62.21% and 58.41% compared to 51.00% for the average high-Cr Kalkarindji 
basalt), while for the Icelandic (52.86%) and Curaçao (54.35%) picrites the resultant liquid 
had SiO2 concentrations in the range of the high-Cr Kalkarindji basalt. 
The Cr concentration of the resultant liquid after UCC assimilation for the Deccan and 
Hawaiian picrites is less than that of the high-Cr picrites and therefore does not need to 
undergo further fractional crystallisation to reduce the Cr content to Kalkarindji high-Cr 
levels.  
MELTS thermodynamic modelling was used to model the fractional crystallisation trend of 
the major elements, including Cr, after assimilation of UCC had occurred. Crystallisation of 
the resultant liquid after assimilation for the Iceland, Curaçao and Greenland picrites 
continued until the Cr concentration reached 409ppm. The trace element modelling again 
uses the crystallising minerals shown in MELTS and mineral melt partition coefficients (Table 
4.3). The level of the fractional crystallisation of the contaminated picrites varied, depending 
on the crystallising minerals and the initial Cr concentrations. The Icelandic picrite 
underwent minimal fractionation (5.00%) due to the large amount (5%) of Cr-spinel forming 
and relatively low starting Cr concentration. The three other contaminated picrites had 
much larger levels of fractional crystallisation with orthopyroxene being the major 
crystallising phase and only minimal amounts (<1%) of Cr-spinel. 
Degree of crustal assimilation has a major control on the final major element chemistry after 
fractional crystallisation. All the melts have SiO2 above the average for high-Cr Kalkarindji 
lavas, but in the case of the Icelandic and Curaçao picrites, it is only slightly the case. The 
Icelandic picrite appears have the closest final major element chemistry to the high-Cr lavas. 
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The trace element signatures of the final liquids after modelling are very similar to the 
Kalkarindji lavas. The Iceland picrite is very similar to the high-Cr lavas such as AR038. While, 
the final Greenland and Curaçao picrites both have trace element chemistry that is very 
similar to the average Kalkarindji lava (Figure 3.3). Two clear exceptions in the trace element 
chemistry of the modelled liquids are enrichment in Ni and not exhibiting as extreme Rb/Ba 
ratios, which is a distinctive characteristic of the Kalkarindji lavas (Glass and Phillips, 2006).  
From this modelling it is clear that a picrite with low Nb concentration, similar to the 
Icelandic picrite, can generate the major element and trace element systematic of the high-
Cr Kalkarindji basalts (Figure 4.7; Table 4.5).  
For both the recharge model (Figure 4.6; Table 4.4) and the combined model (Figure 4.7; 
Table 4.5) using the Icelandic picrite as the picritic end-member in model consistently gives 
results closest to the high-Cr Kalkarindji basalts. Nevertheless, there are a couple of 
elements that don’t quite match up with one or both models. The recharge model results in 
an excess of Fe2O3t (12% for model compositions vs. 9% for high-Cr Kalkarindji Basalts; Table 
4.4). The contamination model has a Fe2O3t concentration indistinguishable from the high-
Cr Kalkarindji basalts. The recharge model uses a Kalkarindji basalt composition as a mixing 
end-member and therefore has a Rb/Ba ratio comparable to the high-Cr basalts. Whereas, 
the contamination model has a lower Rb/Ba ratio, this is because the UCC composition used 
as an end-member has lower Rb/Ba than the Kalkarindji basalts. Thus the contamination 
model implies that the continental crust that acted as a contaminant has a higher Rb/Ba 
ratio than UCC. Upper crustal averages from Australia such as PAAS (McLennan, 1989), like 
the Kalkarindji LIP have high Rb/Ba ratios. Consequently the high Rb/Ba ratio seen in the 
Kalkarindji basalts could be the result of assimilating upper continental crust 
The above modelling demonstrates that it is possible to generate the entire spectrum of 
Kalkarindji basalt chemistry from high-Cr to low-Cr Kalkarindji basalts by contamination of a 
low-Ti, low-Nb picrite, similar to Icelandic picrite, P1, by ~30% upper crustal material 
followed by fractional crystallisation in a shallow magma chamber. Isotopic analysis would 
be ideal to test this model. 
Benjamin Gray Masters of Applied Science 36 
 
Table 4.5: Table showing the major elements along with Cr and Nb/Th before 
UCC assimilation, after UCC assimilation and after fractional crystallisation. The 
Deccan and Hawaiian picrites did not undergo fractional crystallisation because 
there Cr concentration assimilation was below the Cr concentration (409ppm) of 
the most primitive Kalkarindji basalt, AR038. 
Sample Iceland Deccan Hawaii Greenland Curaçao 
  P1 D81 KIL-2-1 332788 Cu53 
SiO2 47.11 46.31 47.98 43.34 45.81 
TiO2 0.54 1.92 1.71 1.03 0.68 
Al2O3 14.98 11.98 9.12 7.79 8.84 
Fe2O3t 9.64 12.71 12.57 12.27 12.08 
MnO 0.16 0.14 0.16 0.17 0.11 
MgO 13.49 14.46 20.66 25.62 26.26 
CaO 12.67 11.24 7.39 6.93 6.15 
Na2O 1.32 1.29 1.30 0.87 0.00 
K2O 0.03 0.63 0.30 0.35 0.01 
P2O5 0.04 0.27 0.15 0.09 0.04 
Cr 898 1173 1319 1955 2766 
NB/Th 16.63 9.20 16.89 13.17 14.93 
%UCC 29.48 84.17 76.43 64.80 41.06 
After crustal assimilation 
SiO2 52.86 63.39 62.21 58.41 54.35 
TiO2 0.57 0.84 0.89 0.78 0.66 
Al2O3 15.10 14.86 13.92 12.72 11.53 
Fe2O3t 8.45 6.73 7.24 7.95 9.42 
MnO 0.14 0.11 0.11 0.12 0.11 
MgO 10.24 4.38 6.77 10.62 16.50 
CaO 9.99 4.80 4.49 4.77 5.10 
Na2O 1.89 2.96 2.81 2.43 1.34 
K2O 0.85 2.46 2.21 1.94 1.16 
P2O5 0.07 0.17 0.15 0.13 0.09 
Cr 660 263 381 727 1668 
NB/Th 1.42 1.42 1.42 1.42 1.42 
%FC 5.00 - - 19.66 37.66 
After fractional crystallisation 
SiO2 53.02 - - 59.67 54.64 
TiO2 0.60 - - 0.94 1.00 
Al2O3 15.81 - - 15.24 16.75 
Fe2O3t 8.40 - - 7.19 8.49 
MnO 0.15 - - 0.15 0.17 
MgO 9.18 - - 6.01 7.73 
CaO 10.48 - - 5.69 7.57 
Na2O 2.00 - - 3.00 2.15 
K2O 0.89 - - 2.40 1.86 
P2O5 0.08 - - 0.16 0.14 
Cr 409 - - 409 409 
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Figure 4.7: Trace element spider diagram of three picrites after assimilation of UCC 
and subsequent fractional crystallisation. Two picrites, from Deccan and Hawaii are 
not shown because the Cr content after crustal assimilation was below that of 
high-Cr Kalkarindji basalts. 
4.4 Sub-continental lithospheric mantle 
While it has not previously been mentioned as an option for the production of the 
Kalkarindji basalts, SCLM is seen as a source for many CFBs (e.g. Hooper and Hawkesworth, 
1993, Turner and Hawkesworth, 1995, Barnes et al., 2010, Ma et al., 2014). The SCLM 
material inferred to be the source for CFB magma is often depleted peridotite. It forms 
through the removal of a basaltic melt which depletes the peridotite. This depleted 
peridotite undergoes metasomatism, possibly through slab dehydration, which re-enriches 
the peridotite in incompatible elements before a 20-30% partial melt produces a low-Ti, 
high-Si basaltic magma (Hamilton, 1977, Hergt et al., 1989, Hawkesworth et al., 1995, 
Turner and Hawkesworth, 1995). 
Olivine is the dominant mineral found in SCLM with varying amounts of pyroxene, garnet 
and spinel (Griffin et al., 2009). Metasomatism of the SCLM, as has been suggested for CFB 
source magmas, will cause the formation of hydrous minerals such phlogopite and 
amphibole (Furman and Graham, 1999).  
These two metasomatic minerals amphibole, in the form of K-richterite, and phlogopite are 
suggested to be vital in the preservation of an upper crustal trace element signature in 
metasomatised SCLM (e.g. Furman and Graham, 1999, Ma et al., 2014). Rb/Ba ratios have 
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metasomatised mantle source of basalts. Low Rb/Ba ratios are suggestive of K-richterite in 
the source while high Rb/Ba, which is what is observed in Kalkarindji basalts, suggestive of 
phlogopite in the source (Furman and Graham, 1999, Ma et al., 2014).Samples of SCLM that 
underlay the potential volcanic locus of the Kalkarindji LIP are found in lamproites and 
kimberlites from the nearby Kimberley Craton, with much of the study focused on the 
diamondiferous ~1177 Ma Argyle lamproite (Figure 1.1) in the Halls Creek Mobile Zone 
(Pidgeon et al., 1989). Most Argyle xenotliths are garnet lherzolites with a minor harzburgite 
component, a pattern which occurs across the Kimberley (Smit et al., 2010 and references 
therein). The SCLM in the Kimberley stabilised in the Archaean and has remained stable 
since (Graham et al., 1999, Smit et al., 2010). Phlogopite has been found in peridotite 
xenoliths as a secondary mineral in the Argyle lamproite pipe (Jaques et al., 1990). Both 
phlogopite and K-richterite have also been found as primary minerals in xenoliths from the 
much younger Aries kimberlite (800Ma) (Edwards et al., 1992) and Ellendale lamproite field 
(22Ma) (Pidgeon et al., 1989) in the Kimberley, with phlogopite being much more prevalent 
(Hwang et al., 1994, Downes et al., 2006). Nevertheless, metasomatised xenoliths are a 
minor component of the xenoliths populations in these younger lamproites (Jaques et al., 
1990, Downes et al., 2007).  
That phlogopite is only a minor component in the SCLM as sampled by the Argyle lamproite 
suggests that metasomatism has occurred prior to the eruption of the Argyle lamproite, but 
that it was relatively minor and heterogeneous (Jaques et al., 1990, Luguet et al., 2009). No 
subduction event that could have metasomatised SCLM on a large scale has occurred 
beneath east Kimberley or the North Australian Craton between the eruption of the Argyle 
lamproite and the Kalkarindji LIP (Smit et al., 2010). Therefore it is difficult to conceive how 
the huge volume of metasomatised SCLM required as the source of the Kalkarindji LIP could 
come from underneath the suspected source region of the Halls Creek Mobile Zone. It is 
possible that the source region might not be the Halls Creek Mobile Zone. Magma may have 
been laterally transported vast distances from the source within the crust. This is seen in the 
Ferrar LIP (Elliot et al., 1999) and McKenzie LIP (Baragar et al., 1996). While transport of the 
magma to the APV from a distant source is a possibility it is a hypothesis that is difficult to 
prove in the Kalkarindji LIP due to no evidence of these vast magma conduits. It is also an 
unnecessary complication when the crustal signatures evident in the Kalkarindji LIP can be 
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adequately explained through the contamination of a parental magma by upper continental 
crust. 
4.5 Discussion on magma geochemical cyclicity  
Throughout the stratigraphic section, BMR Waterloo 1, high-Cr Kalkarindji basalts interleave 
with low-Cr Kalkarindji basalts (Figure 3.9). Even though no individual sample from BMR 
Waterloo 1 has a Cr content as pronounced as the early Kalkarindji basalts (which have Cr 
contents of >300ppm (Evins et al., 2009)), there is still a distinct difference between the two 
flow geochemistries. The higher Cr basalts, range from ~100-220ppm with the lower Cr 
basalts, ranging from ~20-60ppm. There are five cycles between high- and low-Cr basalts 
throughout the stratigraphic section. 
There are two possible explanations for the cyclical nature of the geochemical groups: 
 All lavas are derived from a single magma chamber that has undergone repeated 
cycles of picritic magma injection to generate high-Cr lavas (as described above) 
followed by extensive fractional crystallisation to generate the low-Cr lavas.  
 Or there are two or more magma chambers, though while petrogenetically linked 
through having a similar primary melt and host rock, have formed separately. One 
magma chamber is responsible for the low-Cr basalts, another for the high-Cr 
basalts. 
Here I model cyclical recharge in a single magma chamber. The only way that the cyclical 
nature of the geochemistry in BMR Waterloo 1 can be explained through a single magma 
chamber is through recharge of the magma chamber. The recharging magma will need to be 
a high-Cr, high-MgO and low-Ti picritic melt. The Icelandic picrite P1 was found earlier to be 
the best proxy as a primitive melt that was subsequently contaminated by continental crust 
to generate the high-Cr Kalkarindji basalts and therefore will be used in this modelling as the 
recharging picrite. Here 2kbars, no volatile content and QFM fO2 are again used for MELTS 
modelling of fractional crystallisation.  
In the modelling the composition of the freshest sample from lower most lava cycle in BMR 
Waterloo 1 (W1 805-810), which is a low-Cr lava cycle, is used as the starting point. The 
Icelandic picrite P1 is mixed with W1 805-810 to generate the average Cr content of the 
second cycle in BMR Waterloo 1, which is a high-Cr lava cycle. The resultant liquid is then 
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fractionally crystallised in MELTS to acquire a liquid with the Cr content of the average cycle 
3 lava. The modelled cycle 3 liquid calculated in MELTS is then mixed with Icelandic picrite 
P1 to get the Cr content of cycle 4.  The modelled cycle 4 liquid is then fractionally 
crystallised in MELTS to acquire a liquid with the Cr content of the average cycle 5 lava. The 
results of the modelling are presented in Table 4.6.  
Table 4.6: The top half of the table shows one representative flow from each cycle. These 
samples were chosen as modelling end members and as a comparison to the modelled 
compositions. These sample were chosen because they are relatively unaltered. Either mixing 
modelling or fractional crystallisation modelling occurred until the Cr concentration of the next 
cycle was reached. In the bottom half of the table is the modelled geochemistry of the flows 




W1    
595-600 
W1   
415-420 
W1    
350-355 
W1    
150-155 
SiO2 (wt.%) 54.30 53.20 52.40 52.80 54.00 
TiO2 (wt.%) 1.26 0.89 1.39 0.90 1.35 
Al2O3 (wt.%) 14.30 15.25 13.50 14.90 14.20 
Fe2O3t (wt.%) 10.75 9.73 13.45 10.20 12.85 
MnO (wt.%) 0.17 0.14 0.18 0.13 0.17 
MgO (wt.%) 4.29 7.18 4.40 6.95 5.42 
CaO (wt.%) 8.58 5.52 6.99 9.20 8.91 
Na2O (wt.%) 3.87 4.23 2.89 2.63 1.24 
K2O (wt.%) 1.42 2.85 2.73 1.40 2.52 
P2O5 (wt.%) 0.14 0.09 0.14 0.10 0.13 
Cr (ppm) 33.67 219.92 41.26 159.25 22.52 
  
1st 
Recharge 1st FC 
2nd 
Recharge 2nd FC 
SiO2 (wt.%) 
 
52.75 54.88 53.85 54.44 
TiO2 (wt.%) 
 
1.10 2.04 1.84 2.27 
Al2O3 (wt.%) 
 
14.45 13.94 14.08 13.93 
Fe2O3t (wt.%) 
 
10.51 13.09 12.63 13.31 
MnO (wt.%) 
 
0.17 0.37 0.34 0.45 
MgO (wt.%) 
 
6.27 3.30 4.66 3.14 
CaO (wt.%) 
 
9.46 6.70 7.50 6.53 
Na2O (wt.%) 
 
3.32 4.27 3.88 4.30 
K2O (wt.%) 
 
1.12 2.18 1.90 2.40 
P2O5 (wt.%) 
 
0.12 0.26 0.23 0.30 
Cr (ppm) 
 
219.92 41.26 155.29 22.52 
FC - - 54.05 - 23.55 
%Picrite - 21.55 - 13.30 - 
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For the elements SiO2 and Al2O3 the variation observed during the modelling is 
indistinguishable from the BMR Waterloo 1 samples (Table 4.6). However for TiO2, MnO and 
P2O5 as the modelling proceeds their concentrations continually increase to concentrations 
greater than those observed from the BMR Waterloo 1 samples. For MgO and P2O5 as the 
modelling proceeds its concentration dramatically decreases to concentrations lower than 
those observed from the BMR Waterloo 1 samples. 
For the trace element chemistry fractional crystallisation has a large impact on the trace 
element concentrations (Figure 4.8). Picritic recharge does cause the trace elements to be 
depleted but only minimally. The mixture of the low-Cr basalt W1 805-810 and Icelandic 
picrite P1 requires 54% fractional crystallisation to generate the Cr content of the cycle 3 
low-Cr basalts. This leads the trace element signature to become enriched in all trace 
elements outside the range observed in the entire Kalkarindji LIP.  It is unlikely therefore 
that this cycle of high- and low-Cr flows is created by cycles of recharge and fractional 
crystallisation. 
 
Figure 4.9: Trace element spider diagram showing the different iterations 
after fractional crystallisation or recharge. W1 805-810 is low-Cr basalt with 
high-Cr basalts being slightly more depleted. 
 
It is much more likely that there are two separate magma chambers erupting 
contemporaneously with many more likely throughout the province. The two high-Cr cycles 
are indistinguishable and the three low-Cr cycles are indistinguishable. The near identical 
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derived from a common magma plumbing system and then contaminated with near 
identical upper crustal material with the high-Cr undergoing less crustal contamination and 
or less fractional crystallisation than the low-Cr.  
4.6 Potential for large chromite deposits 
Due to the high level of Cr in some samples and my modelling suggest that high-Cr picrites 
have intruded into the crust to form the high-Cr Kalkarindji basalts, there is the possibility of 
large chromite deposits to be found within the associated magma chambers. Chromite 
associated with the Kalkarindji LIP has been found in outcrop and river sands at Spring 
Creek, WA (Reddcliffe, 1980), though no layer mafic intrusion associated with the Kalkarindji 
LIP has been identified to date.  
If there were to be extensive chromite deposits within the Kalkarindji LIP then they would 
have formed as cumulates within a magma chamber/ layered mafic intrusion as seen in the 
Bushveld Complex (Schoenberg et al., 1999). The modelling presented here indicates that 
there are magma chambers associated with the Kalkarindji LIP within the upper crust. This 
leaves open the possibility that chromite deposits associated with the Kalkarindji LIP could 
be found. 
As the high-Cr Icelandic picrite intruded into the crust it is clear that fractional crystallisation 
has taken place. According to Table 4.5, only 5% fractional crystallisation was required after 
crustal assimilation to form the high-Cr Kalkarindji basalts. MELTS (Ghiorso and Sack, 1995) 
modelling showed that chromium rich spinel (Fe0.63Mg0.72Al0.73Cr0.91T10.01O4) was the only 
crystallising phase from the liquidus temperature 1310°C to 1285°C, though only resulted in 
0.05% fractional crystallisation (Figure 4.9). After 1285°C, olivine and then orthopyroxene 
crystallisation dwarf the level of spinel crystallisation.  This modelling demonstrates that it is 
possible that monomineralic chromite layers could have formed in the Kalkarindji shallow 
crustal magma chambers.  
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Figure 4.10: Crystallisation sequence for the first 5% of fractional crystallisation as determined using MELTS (Ghiorso and 
Sack, 1995). The melt is a mixture of 70.52% Icelandic picrite (P1) and 29.48% UCC. Even though in small volume, spinel 
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5. CONCLUSION 
 
The high-Cr Kalkarindji basalts, previously suggested by Evins et al. (2009) to be the earliest 
basalts erupted in the Kalkarindji LIP are also present, although with lower Cr content, near 
the end of the APV of the Kalkarindji LIP. These basalts formed though the intrusion into 
upper crustal magma chambers of a picritic melt that is low-Ti, low in incompatible 
elements and had a trace element composition similar to N-MORB. Here, the picrite was 
contaminated by ~30% felsic upper crustal material that had a very high Rb/Ba ratio and 
underwent ~5% fractional crystallisation. The above explanation for the formation of the 
Kalkarindji basalts has more validity than partial melting of depleted peridotite SCLM. This is 
because phlogopite forms only a minor component of SCLM near the suspected source of 
the Kalkarindji basalts and is more feasible that the prominent Rb/Ba ratio in the Kalkarindji 
basalts was obtained through contamination of upper continental crust. 
There are at least two magma pathways within the Kalkarindji LIP as evidenced by the 
interleaving high- and low-Cr basaltic flows with likelihood of many more. The distinct high-
Cr lava flows are indistinguishable from each other as are the three low-Cr cycles. Since the 
two flow types are geochemically broadly similar, it is likely that they have come from a 
common magma plumbing system. Although fractional crystallisation is likely to have 
occurred in these crustal magma chambers, the observed geochemical trends are more 
heavily influenced by the crustal heterogeneity and differing degrees of crustal 
contamination. 
The outcomes of the modelling and petrogenetic study here raise the possibility that 
chromite ore deposits generated within fossil magma chambers were formed during 
Kalkarindji LIP emplacement. Whether they can be found is a more difficult question since 
no fossilised magma chambers have been found. 
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APPENDIX I: MAJOR AND TRACE ELEMENT DATA FOR BMR WATERLOO 1 
Sample W1 40-45 W1 60-65 W1 95-100 W1 101 W1 115-120 W1 125-130 W1 140-145 
SiO2 52.70 51.20 52.70 52.40 52.56 53.57 54.40 
TiO2 1.16 1.03 1.09 1.12 1.06 1.18 1.35 
Al2O3 14.20 14.00 14.30 14.00 14.44 14.35 14.20 
Fe2O3t 12.15 11.15 11.70 11.55 11.61 12.04 12.85 
MnO 0.15 0.15 0.18 0.20 0.18 0.17 0.16 
MgO 5.21 6.29 6.01 6.20 6.00 5.42 4.67 
CaO 8.18 5.42 8.06 7.94 9.38 8.91 8.24 
Na2O 3.18 4.54 3.34 3.29 1.06 1.24 2.49 
K2O 1.64 2.79 1.70 1.69 2.49 2.52 1.52 
P2O5 0.12 0.10 0.10 0.11 0.12 0.13 0.14 
LOI 1.16 3.10 0.60 1.30 0.80 0.69 0.10 
Total 99.98 99.96 99.96 99.94 99.70 100.23 100.25 
Ti 6629 6093 6315 6250 - - 7767 
V 267 274 288 281 296 316 312 
Cr 25.59 41.10 28.75 29.30 36.40 30.20 23.77 
Co 43.74 42.55 45.57 45.49 43.30 40.80 43.19 
Ni 39.24 46.80 41.13 41.30 43.10 32.40 25.41 
Cu 17.43 64.04 11.64 11.79 17.40 20.10 12.31 
Zn 52.26 71.03 82.57 83.04 76.40 81.40 85.84 
Ga 18.47 16.39 17.92 18.01 18.20 18.70 18.97 
As 0.68 0.62 0.30 0.32 1.80 -0.10 0.42 
Rb 68.51 53.22 58.23 61.14 46.70 56.00 67.99 
Sr 180.83 168.89 182.42 178.08 145.90 147.40 142.57 
Y 26.88 22.69 24.10 23.94 27.50 29.70 29.25 
Zr 126.09 102.88 108.53 112.99 111.40 128.90 147.86 
Nb 6.38 5.46 5.64 5.84 7.30 8.40 8.41 
Mo 0.70 0.34 0.36 0.39 0.40 0.00 0.55 
Cd 0.03 0.05 0.05 0.07 - - 0.06 
Cs 1.15 13.74 0.66 0.65 - - 1.05 
Ba 228 190 210 207 197 209 245 
La 18.02 15.11 14.83 15.30 - - 23.03 
Ce 37.82 31.10 31.60 32.47 - - 47.70 
Pr 4.57 3.75 3.88 3.96 - - 5.67 
Nd 17.97 14.82 15.39 15.73 - - 21.89 
Sm 4.24 3.56 3.74 3.79 - - 4.96 
Eu 1.16 1.00 1.08 1.08 - - 1.27 
Gd 4.69 3.93 4.16 4.14 - - 5.21 
Tb 0.79 0.67 0.71 0.70 - - 0.86 
Dy 4.90 4.22 4.47 4.42 - - 5.37 
Ho 1.06 0.90 0.97 0.96 - - 1.15 
Er 2.96 2.52 2.69 2.69 - - 3.22 
Tm 0.45 0.38 0.41 0.40 - - 0.48 
Yb 2.86 2.44 2.61 2.59 - - 3.08 
Lu 0.42 0.36 0.38 0.38 - - 0.45 
Hf 3.31 2.72 2.87 2.99 - - 3.90 
Ta 0.43 0.37 0.38 0.40 - - 0.59 
Pb 8.35 10.60 5.93 5.21 6.90 7.50 10.94 
Th 6.98 5.80 6.09 6.43 6.10 8.40 9.44 
U 1.08 0.93 0.96 0.98 2.10 0.50 1.59 
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Sample W1 150-155 W1 160-165 W1 170-175 W1 185-190 W1 225 W1 225-230 W1 255-260 
SiO2 54.00 52.08 50.19 52.40 53.50 53.10 52.77 
TiO2 1.28 1.28 0.83 0.83 0.93 0.92 0.87 
Al2O3 13.75 14.25 14.19 14.50 14.95 14.70 14.93 
Fe2O3t 12.15 10.78 9.62 9.42 9.88 10.05 9.71 
MnO 0.15 0.15 0.11 0.16 0.15 0.16 0.16 
MgO 4.61 5.41 7.74 6.78 6.31 6.65 6.76 
CaO 8.02 6.66 6.35 5.88 8.89 9.60 9.57 
Na2O 3.26 1.61 1.68 4.03 2.76 2.45 1.34 
K2O 1.52 4.33 4.14 3.42 1.76 1.39 2.40 
P2O5 0.14 0.14 0.09 0.09 0.10 0.10 0.11 
LOI 1.01 1.74 3.06 2.38 0.60 0.74 0.90 
Total 100.05 98.42 98.00 100.00 100.03 100.00 99.52 
Ti 7629 - - 4986 5437 5441 - 
V 312 332 242 214 235 240 235 
Cr 22.52 43.00 118.60 117.27 99.78 137.41 134.70 
Co 42.52 39.40 39.10 35.46 39.35 39.97 37.60 
Ni 24.86 30.60 58.00 51.06 47.39 56.58 57.10 
Cu 42.46 47.80 19.80 44.47 59.75 59.10 67.50 
Zn 62.41 55.00 52.10 61.56 73.16 69.16 63.40 
Ga 18.83 19.00 15.70 15.14 16.90 16.45 16.70 
As 0.53 0.00 2.10 0.69 0.33 0.48 1.90 
Rb 63.16 57.20 47.30 59.99 58.69 55.20 50.60 
Sr 149.87 166.70 202.20 190.09 153.44 147.12 151.70 
Y 29.25 32.50 24.20 21.40 23.01 23.53 25.10 
Zr 145.53 150.30 107.40 104.70 112.84 116.25 111.00 
Nb 8.23 9.60 7.40 5.25 5.75 5.89 7.10 
Mo 0.55 0.70 -0.40 0.34 0.44 0.40 0.10 
Cd 0.04 - - 0.03 0.05 0.05 - 
Cs 0.83 - - 5.76 0.70 0.91 - 
Ba 232 214 229 268 209 207 192 
La 22.59 - - 13.89 15.47 17.30 - 
Ce 47.02 - - 29.70 32.37 36.61 - 
Pr 5.60 - - 3.63 3.95 4.29 - 
Nd 21.69 - - 14.41 15.61 16.80 - 
Sm 4.92 - - 3.36 3.64 3.85 - 
Eu 1.29 - - 0.95 1.02 1.02 - 
Gd 5.21 - - 3.68 4.02 4.16 - 
Tb 0.87 - - 0.62 0.68 0.68 - 
Dy 5.38 - - 3.92 4.17 4.28 - 
Ho 1.15 - - 0.85 0.92 0.92 - 
Er 3.19 - - 2.37 2.57 2.58 - 
Tm 0.49 - - 0.36 0.38 0.39 - 
Yb 3.10 - - 2.29 2.45 2.47 - 
Lu 0.46 - - 0.34 0.36 0.37 - 
Hf 3.84 - - 2.73 2.95 3.04 - 
Ta 0.58 - - 0.35 0.38 0.39 - 
Pb 10.04 10.20 3.00 6.30 5.62 6.35 7.20 
Th 9.35 11.90 7.40 5.56 6.00 6.25 7.00 
U 1.60 2.60 1.30 0.81 0.92 0.97 2.00 
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Sample W1-280-285 W1-304 W1-325-330 W1-350-355 W1-365-370 W1-385-390 W1-395-400 
SiO2 53.00 52.40 50.46 52.80 52.85 49.38 53.11 
TiO2 0.94 0.85 0.85 0.90 0.90 1.43 1.34 
Al2O3 14.80 14.95 14.15 14.90 14.61 13.98 13.43 
Fe2O3t 9.91 9.64 9.34 10.20 10.09 11.11 12.03 
MnO 0.16 0.12 0.14 0.13 0.10 0.07 0.11 
MgO 6.77 6.16 7.16 6.95 6.97 5.58 5.40 
CaO 10.10 9.82 5.31 9.20 3.81 5.74 5.53 
Na2O 2.33 2.95 1.93 2.63 1.27 0.20 1.66 
K2O 1.30 1.22 4.78 1.40 6.03 4.60 3.53 
P2O5 0.10 0.10 0.09 0.10 0.10 0.12 0.14 
LOI 0.47 1.63 2.99 0.60 2.82 3.76 3.05 
Total 100.00 99.99 97.21 99.99 99.54 95.96 99.35 
Ti 5412 4936 - 5376 - - - 
V 243 236 249 237 238 412 376 
Cr 149.01 134.88 188.10 159.25 142.30 50.50 54.70 
Co 40.78 39.26 35.50 40.35 33.90 36.80 41.90 
Ni 58.11 55.88 44.70 46.77 44.40 29.70 33.50 
Cu 41.19 44.17 21.30 18.71 24.50 15.60 176.90 
Zn 66.29 55.87 66.60 75.15 45.10 48.40 56.00 
Ga 16.49 16.13 15.20 16.89 14.50 21.30 18.30 
As 0.36 0.43 0.00 0.25 1.00 1.90 0.00 
Rb 51.58 45.22 51.00 40.54 34.90 6.60 47.50 
Sr 146.62 149.93 189.00 153.80 137.90 56.80 195.50 
Y 22.51 21.22 26.10 22.32 24.10 36.50 33.80 
Zr 111.49 102.47 108.60 108.36 111.80 170.30 156.30 
Nb 5.64 5.15 6.90 5.73 7.40 10.60 9.50 
Mo 0.39 0.30 - 0.62 -0.10 0.00 0.90 
Cd 0.05 0.05 - 0.04 - - - 
Cs 0.96 0.66 - 0.53 - - - 
Ba 204 200 211 213 140 23 306 
La 15.66 14.80 - 15.23 - - - 
Ce 32.53 30.89 - 31.49 - - - 
Pr 3.92 3.73 - 3.81 - - - 
Nd 15.49 14.68 - 15.00 - - - 
Sm 3.63 3.45 - 3.54 - - - 
Eu 1.00 0.96 - 1.00 - - - 
Gd 3.94 3.72 - 3.86 - - - 
Tb 0.66 0.62 - 0.65 - - - 
Dy 4.14 3.91 - 4.08 - - - 
Ho 0.89 0.84 - 0.88 - - - 
Er 2.49 2.36 - 2.48 - - - 
Tm 0.37 0.35 - 0.37 - - - 
Yb 2.39 2.27 - 2.37 - - - 
Lu 0.36 0.33 - 0.35 - - - 
Hf 2.95 2.70 - 2.85 - - - 
Ta 0.38 0.35 - 0.39 - - - 
Pb 5.95 8.26 3.50 7.87 2.10 3.50 4.60 
Th 5.91 5.48 6.20 5.61 6.90 11.60 12.60 
U 0.93 0.83 1.20 0.86 1.10 3.70 2.60 
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Sample W1-405-410 W1-415-420 W1-435-440 W1-451 W1-470-475 W1-480-485 W1-500-505 
SiO2 52.10 52.40 54.30 53.30 50.91 49.79 51.37 
TiO2 0.90 1.39 1.38 1.36 1.11 1.05 0.95 
Al2O3 14.40 13.50 13.80 13.75 15.19 15.26 14.65 
Fe2O3t 9.94 13.45 11.95 12.90 9.27 9.96 10.12 
MnO 0.15 0.18 0.17 0.15 0.07 0.09 0.14 
MgO 7.37 4.40 4.34 5.03 9.30 9.29 6.75 
CaO 8.28 6.99 8.31 7.59 2.72 3.41 8.48 
Na2O 2.93 2.89 2.71 2.81 1.16 1.18 1.33 
K2O 0.98 2.73 1.74 1.72 5.29 5.07 2.83 
P2O5 0.10 0.14 0.14 0.14 0.13 0.12 0.11 
LOI 2.63 1.74 0.99 1.00 4.68 4.44 2.65 
Total 100.00 99.99 99.97 99.93 99.85 99.66 99.38 
Ti 5408 8213 8017 7980 - - - 
V 235 366 353 360 273 291 251 
Cr 178.25 41.26 42.47 44.13 157.50 153.90 150.60 
Co 41.72 43.13 43.02 47.94 47.80 45.40 37.90 
Ni 89.73 28.73 28.49 29.28 73.00 77.60 88.50 
Cu 205.95 24.50 10.72 53.44 22.30 26.30 77.80 
Zn 71.34 96.67 75.54 61.34 58.70 63.10 61.20 
Ga 16.67 18.21 19.14 19.50 13.20 15.80 16.30 
As 0.30 0.58 0.42 0.41 0.00 0.30 0.00 
Rb 33.08 69.95 77.46 68.38 27.30 27.60 42.40 
Sr 205.31 186.06 139.23 133.62 70.50 65.60 209.80 
Y 22.11 31.71 31.38 30.23 27.00 25.60 26.50 
Zr 111.07 155.98 159.79 159.31 135.90 127.00 121.60 
Nb 5.11 8.45 8.61 8.56 7.00 7.30 6.70 
Mo 0.29 0.62 0.57 0.46 0.20 1.00 0.00 
Cd 0.02 0.03 0.04 0.03 - - - 
Cs 0.54 0.71 1.03 0.82 - - - 
Ba 184 324 269 248 94 81 215 
La 15.53 25.10 23.24 23.80 - - - 
Ce 32.44 51.31 48.76 49.66 - - - 
Pr 3.93 6.05 5.87 5.93 - - - 
Nd 15.46 23.34 22.76 22.85 - - - 
Sm 3.63 5.34 5.28 5.16 - - - 
Eu 1.01 1.47 1.36 1.31 - - - 
Gd 3.89 5.68 5.56 5.42 - - - 
Tb 0.66 0.93 0.93 0.90 - - - 
Dy 4.08 5.80 5.82 5.63 - - - 
Ho 0.88 1.24 1.24 1.20 - - - 
Er 2.49 3.49 3.46 3.39 - - - 
Tm 0.37 0.52 0.52 0.51 - - - 
Yb 2.38 3.30 3.28 3.27 - - - 
Lu 0.35 0.48 0.48 0.48 - - - 
Hf 2.96 4.10 4.21 4.18 - - - 
Ta 0.35 0.60 0.62 0.61 - - - 
Pb 4.54 10.55 12.00 11.77 4.00 2.50 6.60 
Th 5.84 9.88 10.22 10.09 8.40 5.50 5.20 
U 0.92 1.80 1.84 1.86 2.60 2.40 0.90 
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Sample W1-505-510 W1-520-525 W1-535-540 W1-560-565 W1-595-600 W1-620-625 W1-640-650 
SiO2 50.94 48.72 51.33 52.40 53.20 53.60 52.60 
TiO2 0.96 0.90 0.94 0.81 0.89 0.91 0.84 
Al2O3 14.23 14.98 14.39 14.90 15.25 15.05 15.00 
Fe2O3t 9.80 9.54 8.75 9.16 9.73 10.05 9.71 
MnO 0.12 0.11 0.10 0.14 0.14 0.15 0.15 
MgO 6.16 7.53 7.68 7.18 6.65 6.10 6.62 
CaO 6.94 6.30 5.18 5.52 9.11 8.68 5.39 
Na2O 1.53 1.53 1.17 4.23 2.55 2.54 4.72 
K2O 3.23 3.66 5.19 2.85 1.51 1.67 2.21 
P2O5 0.11 0.10 0.10 0.09 0.10 0.10 0.09 
LOI 2.82 3.59 3.19 2.30 0.70 1.00 2.50 
Total 96.85 96.96 98.04 99.76 99.99 100.01 99.98 
Ti - - - 4849 5367 5385 4966 
V 252 259 260 215 234 280 246 
Cr 143.40 189.40 162.70 216.44 219.92 195.50 203.37 
Co 36.90 37.50 37.20 38.05 40.11 38.83 37.34 
Ni 76.40 81.50 73.10 72.32 73.25 72.40 70.09 
Cu 54.30 33.20 68.50 33.59 13.32 12.43 56.80 
Zn 53.40 56.90 48.20 71.88 69.87 62.26 70.71 
Ga 17.00 16.00 14.80 15.16 16.60 16.08 14.62 
As 0.00 1.60 -0.10 0.29 0.23 0.50 0.33 
Rb 46.60 40.10 33.80 66.46 59.28 60.00 61.94 
Sr 217.90 182.90 138.20 184.93 145.61 147.46 226.46 
Y 27.60 26.00 26.10 20.87 21.94 23.73 22.08 
Zr 125.60 116.40 123.40 99.31 108.20 108.00 103.62 
Nb 7.30 7.10 6.70 5.21 5.79 5.75 5.43 
Mo 0.00 0.20 -0.40 0.30 0.43 0.56 0.27 
Cd - - - 0.02 0.04 0.05 0.03 
Cs - - - 0.60 0.71 0.83 0.64 
Ba 320.70 291.80 162.40 235.86 207.12 213.90 294.99 
La - - - 14.88 15.92 16.35 15.58 
Ce - - - 30.66 33.09 34.00 32.47 
Pr - - - 3.68 3.96 4.13 3.94 
Nd - - - 14.37 15.36 16.12 15.35 
Sm - - - 3.35 3.59 3.76 3.58 
Eu - - - 0.93 1.00 0.99 0.95 
Gd - - - 3.63 3.86 4.08 3.83 
Tb - - - 0.61 0.65 0.68 0.64 
Dy - - - 3.81 4.04 4.29 4.01 
Ho - - - 0.82 0.88 0.92 0.87 
Er - - - 2.32 2.48 2.59 2.45 
Tm - - - 0.35 0.37 0.38 0.37 
Yb - - - 2.19 2.35 2.40 2.33 
Lu - - - 0.33 0.35 0.36 0.35 
Hf - - - 2.63 2.87 2.88 2.75 
Ta - - - 0.35 0.39 0.39 0.37 
Pb 5.70 3.20 7.90 5.49 6.93 7.43 5.07 
Th 7.00 9.30 11.30 6.20 6.77 6.92 6.63 
U 2.90 1.90 1.10 0.96 1.05 1.25 1.20 
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Sample W1-665-670 W1-680-685 W1-695-700 W1-710-715 W1-725-730 W1-735-740 W1-750-755 
SiO2 48.59 52.59 51.64 51.03 49.17 49.81 52.45 
TiO2 0.91 0.97 0.94 0.92 1.02 0.83 0.96 
Al2O3 14.47 15.05 14.11 14.36 14.36 14.81 14.63 
Fe2O3t 8.36 9.95 9.96 11.36 10.37 9.22 8.99 
MnO 0.14 0.11 0.13 0.10 0.12 0.14 0.10 
MgO 7.37 6.32 5.84 4.76 5.65 7.46 6.35 
CaO 6.78 6.00 5.12 3.57 6.25 7.73 3.92 
Na2O 0.99 1.70 0.62 3.66 2.06 1.64 2.39 
K2O 4.55 5.32 6.45 4.87 3.40 3.16 5.53 
P2O5 0.09 0.10 0.09 0.10 0.10 0.08 0.10 
LOI 2.88 2.28 2.19 1.98 2.26 2.43 2.31 
Total 95.13 100.39 97.09 96.71 94.74 97.30 97.75 
Ti - - - - - - - 
V 265 259 264 214 299 247 253 
Cr 174.60 156.20 140.40 160.30 104.60 175.00 144.90 
Co 37.00 31.90 36.40 34.80 38.60 39.00 36.10 
Ni 64.80 60.30 61.00 59.50 51.50 71.10 61.70 
Cu 10.50 23.00 52.90 24.60 34.50 48.60 40.70 
Zn 60.70 56.80 52.70 43.60 53.00 65.60 51.70 
Ga 15.90 14.30 14.60 11.70 16.20 15.10 16.70 
As 0.00 1.20 0.40 0.00 2.80 -0.10 0.10 
Rb 27.30 38.90 18.40 71.60 62.60 52.50 47.20 
Sr 89.30 135.90 106.30 124.70 193.40 197.90 112.80 
Y 24.20 24.70 24.70 23.30 28.10 22.50 25.20 
Zr 101.50 106.30 103.10 104.50 117.50 92.20 110.20 
Nb 6.00 5.90 6.10 6.00 7.20 5.60 6.90 
Mo -0.20 0.00 0.00 -0.10 -0.40 0.10 0.50 
Cd - - - - - - - 
Cs - - - - - - - 
Ba 101.00 155.90 70.90 309.10 276.10 236.00 208.30 
La - - - - - - - 
Ce - - - - - - - 
Pr - - - - - - - 
Nd - - - - - - - 
Sm - - - - - - - 
Eu - - - - - - - 
Gd - - - - - - - 
Tb - - - - - - - 
Dy - - - - - - - 
Ho - - - - - - - 
Er - - - - - - - 
Tm - - - - - - - 
Yb - - - - - - - 
Lu - - - - - - - 
Hf - - - - - - - 
Ta - - - - - - - 
Pb 2.70 5.40 4.60 4.40 6.70 3.10 2.80 
Th 5.50 4.60 6.50 3.50 7.80 4.00 4.90 
U 0.80 3.30 1.10 2.50 0.70 2.00 1.30 
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Sample W1-770-775 W1-805-810 W1-820-825 W1-830-840 W1-850-855 W1-860-870 W1-870-880 
SiO2 53.10 54.30 56.00 50.97 53.50 51.83 53.13 
TiO2 1.36 1.26 1.14 1.25 0.94 1.16 1.23 
Al2O3 14.95 14.30 14.60 13.04 15.15 13.79 13.47 
Fe2O3t 9.74 10.75 10.05 12.82 9.59 12.37 12.40 
MnO 0.09 0.17 0.13 0.09 0.13 0.11 0.13 
MgO 6.84 4.29 4.18 5.29 6.31 6.04 5.21 
CaO 3.06 8.58 7.86 3.51 10.10 4.23 4.94 
Na2O 6.11 3.87 2.94 3.17 2.32 2.37 2.74 
K2O 1.78 1.42 1.85 2.86 1.06 3.62 2.87 
P2O5 0.15 0.14 0.13 0.13 0.10 0.12 0.14 
LOI 2.68 0.77 0.75 2.55 0.67 2.76 2.33 
Total 100.00 99.98 99.78 95.68 99.98 98.41 98.61 
Ti 8034 7494 6671 - 5396 - - 
V 378 304 269 314 239 301 305 
Cr 37.45 33.67 37.88 34.20 118.85 61.40 40.60 
Co 47.07 37.92 37.11 40.10 39.66 38.50 38.80 
Ni 42.66 41.40 39.84 32.40 64.39 46.70 33.80 
Cu 27.59 12.65 31.48 25.00 47.56 34.70 47.40 
Zn 66.71 54.77 64.25 47.60 64.85 73.10 83.10 
Ga 19.18 18.29 17.71 16.30 16.73 17.30 18.40 
As 0.75 0.39 0.49 0.00 0.34 0.10 1.30 
Rb 39.11 51.60 73.81 67.30 45.12 57.40 65.10 
Sr 171.70 169.28 171.82 101.20 148.66 122.20 130.30 
Y 29.92 30.80 27.18 35.50 22.38 31.90 32.50 
Zr 157.48 147.81 135.82 151.30 108.67 142.30 147.70 
Nb 8.45 7.77 7.07 9.30 5.64 8.40 9.20 
Mo 0.38 0.47 0.37 0.50 0.47 0.00 -0.20 
Cd -0.01 0.04 0.04 - 0.05 - - 
Cs 0.27 0.75 1.18 - 0.98 - - 
Ba 198 213 255 215 189 211 242 
La 22.29 22.13 19.25 - 15.42 - - 
Ce 48.33 46.19 41.48 - 32.13 - - 
Pr 5.63 5.57 5.05 - 3.92 - - 
Nd 21.50 21.89 19.75 - 15.45 - - 
Sm 4.76 5.09 4.66 - 3.59 - - 
Eu 1.44 1.44 1.36 - 1.01 - - 
Gd 4.90 5.47 4.92 - 3.89 - - 
Tb 0.81 0.91 0.82 - 0.65 - - 
Dy 5.15 5.72 5.10 - 4.08 - - 
Ho 1.18 1.22 1.08 - 0.88 - - 
Er 3.51 3.40 3.02 - 2.48 - - 
Tm 0.53 0.50 0.46 - 0.37 - - 
Yb 3.37 3.17 2.92 - 2.35 - - 
Lu 0.49 0.47 0.43 - 0.35 - - 
Hf 4.18 3.88 3.60 - 2.85 - - 
Ta 0.59 0.54 0.50 - 0.38 - - 
Pb 4.75 9.53 9.31 7.90 6.35 6.40 7.60 
Th 8.58 8.20 7.47 8.40 5.68 9.10 9.70 
U 1.18 1.47 1.37 1.20 0.92 3.70 4.80 
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Standards Used 
Sample G94(3) WS-E(2) WS-E(2) w2-a5 w2-b w2-c 
SiO2 69.06 51.85 51.59 - - - 
TiO2 0.308 2.436 2.433 - - - 
Al2O3 14.58 14.09 14.06 - - - 
Fe2O3t 3.03 13.18 13.19 - - - 
MnO 0.075 0.171 0.173 - - - 
MgO 1.02 5.60 5.58 - - - 
CaO 1.31 8.94 8.96 - - - 
Na2O 2.94 1.00 1.00 - - - 
K2O 4.60 2.44 2.44 - - - 
P2O5 0.162 0.308 0.303 - - - 
LOI 1.97 0.85 0.85 - - - 
Total 100 99.98 99.03 - - - 
Ti - - - 6329 6352 6376 
V - - - 261.48 262.26 260.98 
Cr - - - 92.57 92.86 92.88 
Co - - - 44.39 44.57 44.58 
Ni - - - 69.75 69.94 70.23 
Cu - - - 103.45 103.71 101.91 
Zn - - - 76.93 77.10 76.94 
Ga - - - 17.44 17.42 17.41 
As - - - 0.83 0.77 0.76 
Rb - - - 19.80 19.81 19.79 
Sr - - - 195.53 194.98 194.15 
Y - - - 20.07 20.15 20.10 
Zr - - - 88.81 86.23 88.90 
Nb - - - 7.23 7.31 7.26 
Mo - - - 0.41 0.42 0.44 
Cd - - - 0.08 0.08 0.08 
Cs - - - 0.89 0.89 0.89 
Ba - - - 170 170 170 
La - - - 10.52 10.52 10.52 
Ce - - - 23.24 23.18 23.23 
Pr - - - 3.03 3.03 3.02 
Nd - - - 12.89 12.91 12.92 
Sm - - - 3.28 3.28 3.24 
Eu - - - 1.10 1.10 1.09 
Gd - - - 3.69 3.71 3.72 
Tb - - - 0.61 0.61 0.62 
Dy - - - 3.80 3.81 3.81 
Ho - - - 0.80 0.80 0.80 
Er - - - 2.21 2.23 2.22 
Tm - - - 0.33 0.33 0.33 
Yb - - - 2.05 2.06 2.06 
Lu - - - 0.30 0.30 0.30 
Hf - - - 2.38 2.32 2.38 
Ta - - - 0.45 0.45 0.46 
Pb - - - 7.64 7.49 7.49 
Th - - - 2.11 2.05 2.16 
U - - - 0.50 0.50 0.51 
 
